Simulation of hydraulic seating valves and fluid lines with application to a switched inertance intensifier / by Michaels, Peter A., Jr.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1989
Simulation of hydraulic seating valves and fluid
lines with application to a switched inertance
intensifier /
Peter A. Michaels Jr.
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Mechanical Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Michaels, Peter A. Jr., "Simulation of hydraulic seating valves and fluid lines with application to a switched inertance intensifier /"
(1989). Theses and Dissertations. 4967.
https://preserve.lehigh.edu/etd/4967
' ' , .. 
l·. 
' 
-:·, 
... 
,' , I i · >' ' , ' ' •. ~ / i 1 , 
SIMULATION OF HYDRAULIC SEATING VALVES AND FLUID LINES 
WITH APPLICATION TO A SWITCHED INERTANCE INTENSIFIER 
by 
Peter A. Michaels Jr. 
A Thesis 
Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
1n 
Mechanical Engineering 
Lehigh University 
1988 
) 
~-
Certificate of Approval 
The undersigned hereunder accepts and approves this thesis in partial fulfillment 
of the requirements for the degree of Master of Science in Mechanical Engineering. 
Date 
~;J-hr,1~ 
GProfessor in Charge 
Chairman of Department 
11 
·, 
·, 
(, 
/,, 
Acknowledgements 
I would like to extend my thanks to my advisor Professor Forbes T. Brown for 
his guidance and technical expertise on the subject matter of this thesis. 
I would also like to thank my family for all the support I have received through 
my studies, and the desire to achieve that they have instilled in me. 
Additionally, I would like to thank Andrew Liao for the hospitality he has 
extended to me during the writing of this thesis. 
Lastly, I would like to express thanks to Sunita Mathew, who has given me 
constant support and encouragement throughout my studies at Lehigh University. Her 
positive attitude helped me make it through the rough times, and her assistance in the 
writing of this thesis will always be remembered. 
... 
111 
,· )• j • 
j 
.• \ 
Table of Contents 
C ER TI FICA TE O F AP P RO VAL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii 
ACKNOWLEDGEMENTS .......................................................................................... iii 
TABLE OF CONTENTS ............................................................................................. iv 
LIST OF FIGURES .................................................................................................... vii 
ABSTRACT ................................................................................................................. 1 
CHAPTER 1. Introduction ........................................................................................... 2 
CHAPTER 2. Dynamic Modeling of Seating Valves .................................................... 5 
2.1 Method of Modeling the Valve Region 5 
2.2 Physical Description of the Analytical Model 6 
2.3 Application of Lagrangian Approach 8 
2.4 Determination of Pressures in the Model 16 
2.5 Modeling of Cavitation and the Application of the Newton-
Unsteady Bernoulli Approach 19 
2.6 Modeling of the Fluid Line 26 
. 
lV 
' 
, . 
. 1 
.J 
I. 
'\;' 
2.7 Input to the Fluid Line 30 
. ,:r 
' ,, 
.~' 2.8 Initial Conditions .. 31 ' ,, /' 
' 
' . 
'" 2.9 Energy Losses in the Valve 33 
·' 
' 
2.10 Summary of the Valve Model 34 
CHAPTER 3. Simulation of the Valves in the Switched 
Inertance Intensifier .............................................................................. 35 
3.1 Operation of the switched inertance intensifier 35 
3.2 Analytical Model of the Switched Inertance Intensifier 39 
3.2.1 System Data 39 
3.2.2 Valve Representation 40 
3.2.3 Reverse Check (Tank) Valve 42 
3.2.4 Load Check Valve 45 
3.3 Equations for the Reverse Check (Tank) Valve 50 
3.4 Equations for the Load Check Valve 52 
3.5 Procedure for Intensifier Simulations 53 
3.5.1 Closing of Reverse Check Valve 53 
3.5.2 Opening of the Load Check Valve 55 
3.5.3 Closing of the Load Check Valve 56 
3.5.4 Opening of the Reverse Check Valve 57 
CHAPTER 4. Simulation of Fluid Line Dynamics ....................................................... 61 
4.1 Fluid Line Model 
1, 
4.2 Procedure for Using Simulation 
V 
.,. 
,;-,, 
•.; 
,,. 
4.3 Simulation of the Switched Inertance Intensifier 
4.4 Energy and Efficiencies 
73 
74 
CHAPTER 5. ltesults .................................................................................................. 77 
5.1 Results for the Simulation of the Valve Movements 77 
5.1.1 Initial Conditions 78 
5.1.2 Closing of the Reverse Check (Tank) Valve 78 
5.1.3 Opening of the Load Check Valve 79 
5.1.4 Closing of the Load Check Valve 80 
5.1.5 Opening of the Tank Valve 81 
5.1.6 Overall Valve Simulation 82 
5.2 Results for the Simulation of the Line Dynamics 83 
5.3 Calculation of Efficiency 91 
CHAPTER 6. Discussion .............................................................................................. 94 
REFERENCES ............................................................................................................ 98 
APPENDIX A. Valve Simulation Plots ........................................................................ 99 
VITA ......................................................................................................................... . 11 7 
VI 
-
1- I -• ,·-
' . 
C . 
.I 
I 
,r 
) 
.i 
r 
'~,·. - ~' "':· 
1. General Valve Model 
2. Valve Model for Determining Generalized Forces 
3a. Cavitation Beginning at outer edge 
3b. Cavitation Beginning at inner edge 
4. Force Balance on Movable Valve Plate 
5. Fluid Line Model 
6. Switched Inertance Intensifier 
7. Valve Block 
8a. Movable Valve Plate 
8b. Fixed Valve Plate 
9. Top View of Tank Valve Cross-Section 
10. Orifice Dimensions of Fixed Plate 
11. Top View of Load Valve Cross-Section 
12. Displacement Flow Region 
13. Finite Difference Representation of Fluid Line 
14a. Pressure-Flow Boundary Conditions of Line (xmax == .004 in) 
14b. Pressure-Flow Boundary Conditions of Line (xmax == .0135 in) 
15. ~ressure at Valve End (7 cycles) 
16. Flow at Valve End (7 cycles) 
17. Flow at Upstream End (7 cycles) 
.. 
Vll 
List of Figures 
,, . ,'/., 
18. Hodograph Plot - Pressure vs. Flow at Boundary Locations ( 1 cycle) 
A.La. Displacement of Tank Valve ( closing) 
A.Lb. Pressure in Compliance Region ( tank valve closing) 
A.Le. Downstream Line Flow (tank valve closing) 
A.Ld. Flow Through Tank Valve ( closing) 
A.l.e. Velocity of Tank Valve ( closing) 
A. l.f. Energy Dissipated at Tank Valve ( closing) 
A.2.a. Displacement of Load Valve ( opening) 
A.2.b. Pressure in Compliance Region (load valve opening) 
A.2.c. Downstream Line Flow (load valve opening) 
A.2.d. Flow Through Load Valve ( opening) 
A.2.e. Velocity of Load Valve (opening) 
A.2.f. Energy Dissipated at Load Valve ( opening) 
A.3.a. Displacement of Load Valve ( closing) 
A.3.b. Pressure in Compliance Region (load valve closing) 
A.3.c. Downstream Line Flow (load valve closing) 
A.3.d. Flow Through Load Valve ( closing) 
A.3.e. Velocity of Load Valve ( closing) 
A.3.f. Energy Dissipated at Load Valve ( closing) 
A.4.a. Displacement of Tank Valve ( opening) 
A.4.b. Pressure in Compliance Region ( tank valve opening) 
A.4.c. Downstream Line Flow (load valve opening) 
A.4.d. Flow Through Tank Valve (opening) 
Vlll 
·j •: \. '.' • ' .•. '' ~ . 'f. 'I ' . ,· 
A.4.e. Velocity of Tank Valve ( opening) 
A.4.f. Energy Dissipated at Tank Valve ( oening) 
A.5.a. Pressure in Compliance Region ( Xmax == .004 in) 
A.5.b. Pressure in Compliance Region (xmax == .0135 in) 
A.6.a. Downstream Line Flow ( Xmax == .004 in) 
A.6.b. Downstream Line Flow (xmax==.0135 in) 
A.7.a. Displacement of Load Valve (xmax==.004 in) 
A.7.b. Displacement of Load Valve (xmax==.0135 in) 
A.8.a. Energy Dissipated at Load Valve ( Xmax == .004 in) 
A.8.b. Energy Dissipated at Load Valve (xmax==.0135 in) 
A.9.a. Energy Dissipated at Tank Valve (xmax==.004 in) 
A.9.b. Energy Dissipated at Tank Valve (xmax==.0135 in) 
A.IO.a. Net Flow to Load (xmax==.004 in) 
A.10.b. Net Flow To Load (xmax==.0135 in) 
IX 
' " . '. ~ 
Abstract 
This thesis develops an analytical model for the opening and closing of seating 
valves in a hydraulic system. Lagrange's method is used to develop the differential 
equations for the motion and flow through a valve during seating or unseating periods. 
In situations where cavitation is present, a more direct but less precise method is used to 
obtain the differential equations. 
The valve behavior of a switched inertance intensifier is simulated by applying 
the valve model above. The treatment of irregular valve geometries is demonstrated, 
and the simulation of a reverse check valve and a standard check valve for both opening 
and closing is performed. The principle of the intensifier relies on the opening and 
closing of the valves at the end of a fluid line. A large flow is cyclically blocked to create 
a large pressure surge from which the high pressure is tapped. The simulation predicts 
the energy losses in the valves, which is a critical factor in the performance of the whole 
system. 
The detailed behavior of the pressure and flow waves in a fluid transmission line 
1s simulated by a procedure based on the method of characteristics and modified to 
account for the frequency dependent friction. By applying this analysis to the switched 
inertance intensifier, the behavior of the system is observed over a longer period of time, 
and in particular the energy losses in the line are closely predicted. Combining these 
losses with those found for the valve permits the overall efficiency of the intensifier to be 
predicted, and thereby potential design changes to be investigated. 
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Chapter 1 
Introduction 
Valves that seat or unseat due to an imbalance of pressure acting on the upstream 
and downstream sides of a valve are common in hydraulic systems. The common check 
valve is an example of such a seating valve. The dynamics of seating valves is influenced 
not only by static pressures, but also by the unsteady flow that results due to the 
motion of the valve. This unsteady flow is especially important in the orifice region of 
the valve where the velocities are high, and can have a significant effect on valve 
operation. 
Chapter 2 of this thesis consists of the development of the modeling procedure 
for a seating valve that considers the effects of unsteady flow. Seper ate procedures are 
used for non-cavitating and cavitating situations. The basic geometric parameters of the 
valve are generalized so that valves of various geometries rnay be described by the 
model. The modeling procedure may be applied to a valve, and the differential 
equations can be fanned for the motion of the valve and the flow through it. In many 
cases, if the geometry can be described by the dimensions given in the analytical model, 
the differential equations are explicitly given. External conditions are then related to 
the characteristics of the valves using a model developed for a fluid line leading to the 
valve region. Possible initial conditions are also handled in Chapter 2. The resulting 
differential equations may be numerically solved for a particular system and the motion 
and pressure-flow characteristics of the valve can be simulated. 
The development of the modeling technique for seating valves is a byproduct of 
2 
an original goal of creating a simulation for a "switched inertance intensifier" developed 
by F.T. Brown, C.B. Duan and S. Ramachandran (1). The switched inertance 
intensifier is a pressure intensifier that uses the inertia of a fluid to obtain a high static 
pressure output from a low static pressure source. This is a modern version of the 
ancient "hydraulic ram" that has been analyzed in the past [2,3]. The intensifier uses a 
reverse check valve, i.e., a valve that closes when the upstream pressure is sufficiently 
higher than the downstream pressure, along with a load check valve. Through the 
combination of these two valves, pressure in the valve region can be increased by 
accelerating and decelerating the flow in the fluid line by the switching of the reverse 
check valve. The high pressure may then be passed to the reg10n behind the load check 
valve. A description of the process in detail is given in Chapter 3. 
In Chapter 3, the valve model developed in Chapter 2 is applied to the valves in 
the switched inertance intensifier. The physical paran1eters of the intensifier, as they 
apply to the model are defined. Specifically, the irregular geometry of the valves is 
represented in tern1s of lengths represented in the model. The equations used for the 
intensifier are determined, and the procedure for simulating the opertation of the valves 
is described. From the simulation it is possible to learn of the efficiencies of the 
intensification, and the relation of one event to another in the overall process. This 
results 1n a better understanding of the mechanisms involved 1n the pressure 
intensification which could lead to an i1n proved design. 
A fluid transmission line with rapidly changing flows exhibits a frequency 
dependent friction effect from the walls of the line. The simulation of such a line can be 
performed using a pocedure developed by A.K. Trikha that combines the method of 
characteristics with a procedure to approximate the frequency dependent friction [4]. In 
Chapter 4, the equations found in his paper have been rearranged to allow the numerical 
3 
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simulation of the characterisitcs of a fluid transmission line. In addition, the treatment 
. 
of boundary conditions has been introduced for a few specific cases. The method was 
then used to simulate the wave travel and overall operation of the switched inertance 
intensifier. From the simulation, energy losses due to the wall shear in the line may be 
determined and an efficiency of the system calculated. 
Chapter 5 describes the results found in the simulations of the valves, and the 
simulations of the fluid line for the switched inertance intensifier. The results from both 
simulations are correlated, and the energy losses for the entire system are determined so 
that an overall efficiency may be calculated for the device. 
4 
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Chapter 2 
Dynamic Modeling of Seating Valves 
The dynamic modeling of the opening or closing of a seating valve in a hydraulic 
system requires formulating the differential equations describing the motion of the valve, 
and the flow through it. Once these equations are developed, proper conditions and 
equations describing the environment of the valve are added. The opening or closing of 
the valve is then simulated numerically on a computer. 
2.1 Method of Modeling the Valve Region 
In this thesis, there are basically two methods used to dynamically model the 
valve. The method used predorninantly is an energy approach where the kinetic energy 
of the valve, and of the flow between the valve and the seat are used to forrn Lagrange's 
equations of motion. Lagrange's equations can be rearranged in to state-variable 
equations that may eventually be solved nun1erically, simulating the operation of the 
valve. 
A more direct n1ethod of obtaining the differential equations involves performing 
a force balance on the movable valve n1em ber usrng Newton's laws, and applying the 
unsteady Bernoulli equation to the control volume between, the valve and the seat. This 
method is used in this thesis in situations when cavitation is present in the valve area. 
With cavitation in the model, it becomes awkward to develop the equations using 
Lagrange's method, and the expressions for the differential equations become quite large, 
making it difficult to perform a numerical simulation. 
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While both methods yield similar differential equations, the direct method 
assumes a one-dimensional flow and therefore does not include terms found with the 
Lagrange method formulation. Thus, Lagrange's method is used for most of the 
analysis to eliminate possible errors of omission, although for small valve displacements, 
these errors are minimal. Another inherent advantage of using Lagrange's method is 
that it is a more powerful approach to modeling; kinetic energy 1s determined with 
knowledge of only the kinematics of the valve and the flow. 
2.2 Physical Description of the Analytical Model 
For modeling purposes, we can represent any seating valve as in Figure 1. The 
valve parts are referred to as plates, but they n1ay be of some other similar type. 
Between the movable plate and the seat are two orifice areas of equal dimensions on 
opposite sides of the opening to the back of the valve. The orifices are treated as one 
orifice region with an orifice length equal to the valve overlap length Li, and the total 
width of the orifice region wi, equal to the sum of the widths of the two orifices. The 
general model of the valve assumes there are n different orifice regions denoted i== 1,n, 
with the need to define a new orifice region for each orifice area having a different 
overlap length. The inclusion of the subscript i on a dimension or parameter indicates (~\ 
association with an orifice region. In Figure 1, one orifice region is modeled, and the 
descriptions for the dimensions apply for all orifices present in a valve. The coordinates 
zi and y define the location of a fluid element in the valve overlap region of orifice i, 
with the origin of zi defined at the outer edge of an orifice region, while the origin of y is 
the fixed plate (seat). 
Dimensions associated with the valve model are the length of the back opening 
(l), the total depth of the back opening(s) (wb), and the displacement from the closed 
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position of the valve (x). The area defined by w 6l is the displacement flow area of the 
valve. For valves of irregular geometries, the dimensions may be analytically 
approximated. 
An important assumption made in this analysis is that viscous effects in the 
valve area are negligible. Flows through the orifice regions are uniform in profile. This 
assumption is reasonable because orifice flow occurs mostly at high Reynolds numbers 
and is thus predominantly inviscid. 
Another basic assumption in the model is that there is no flow in the depth ( w) 
direction in an overlap section. This implies that the pressure is constant along lines of 
constant z between the valve and the seat, as flow travels in they and z directions only. 
A third assumption used is that when flow passes through an orifice, there is no 
pressure recovery at the exit, implying that the kinetic energy at the exit is fully 
dissipated. 
The equations developed in this analysis are valid for flow traveling either 
direction through the valve, and also for both the opening and closing of the valve. The 
positive flow situation is taken as flow traveling from the front of the valve to the back, 
independent of the orientation of the valve with respect to a source, and a positive 
velocity of the valve indicates that it is opening. Note that positive flow and positive 
valve velocity do not typically coexist except in brief transient periods. 
2.3 Application of Lagrangian Approach 
The use of Lagrange's equations requires the determination of kinetic energy (T), 
potential energy (V), and external generalized forces F gen and pressures P gen- For 
classical mechanics, Lagrange's equation for a mass with one degree of freedom such as 
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the valve plate is 
F gen , (2.1) 
where x is the displacement of the mass. Lagrange's equation for an incompressible fluid 
is written as 
d (6T) dt 6Q P gen , (2.2) 
where Q is the generalized flow. There is no kinetic or potential energy directly 
associated with the volume of the fluid because the flows in the high-velocity regions are 
taken to be incompressible except when cavitation occurs. 
Determining the kinetic energy involved in the seating and unseating of a valve is 
important to the analysis. The total kinetic energy consists of both the kinetic energy of 
the moving valve and of the fluid. For the movable valve plate, the kinetic energy is 
expressed as 
'I' (2.3) 
where m is the mass of the movable valve plate and V is its velocity. The kinetic energy 
of a fluid is 
T ;Jff v2 dV, (2.4) 
where p is the mass density of the fluid, Vis the fluid velocity, and dV is an incremental 
control volume. 
Since the kinetic energy of the fluid is proportional to the velocity squared, it is a 
justifiable approximation to consider only the kinetic energy in regio.p.s of relatively high 
9 
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velocity. An orifice region represents a contraction, therefore the velocity there is much 
higher than in other locations, so the approximation is made that the total flow kinetic 
energy is assumed to be located in valve seat overlap (orifice) regions. 
The generalized coordinates for Lagrange's equations were chosen to be x for the 
valve dispacement, and Qi=l,n for the flow out of the n orifice regions towards the back 
of the valve. The velocities of the valve plate and of the fluid are expressed as functions 
of these generalized coordinates or their derivatives. The velocity of the mass is 
V == X (2.5) 
For the fluid, the velocity in the depth (w) direction was assumed to be zero, so 
it is only necessary to determine the fluid velocity in the z and y directions. The 
velocity of the fluid between the valves in the z direction for each overlap region is 
determined from the conservation of mass in a rectangular control volume of length 
(Li-zi), height x and depth wi shown in Figure l. This results in the expression 
A 
Qi + (Li - zi)wix 
xwi 
where Vz i is the velocity at any location zi in the orifice region. 
' 
i= 1,n , (2.6) 
To develop an expression for the velocity component of the fluid in the y 
direction, note that the fluid velocity for all orifice regions at y=x is equal to the plate 
velocity, and is equal to zero at the y==O position. In addition, the velocity profile 1s 
assumed to be linear, so that the velocity of the fluid in the y direction is 
10 
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(2.7) 
Since Vz , and V~ are the only orthogonal components of the flow, the total velocity 
I . 
squared for an orifice region is 
v I i==l,n . (2.8) 
The velocity squared must now be integrated with respect to the volume. The 
incremental volume for the orifice regions is 
dV. 
I i= 1,n . (2.9) 
Setting the limits of integration to match the control volume, the equation for kinetic 
energy becomes 
T. 
I i= 1,n . (2.10) 
After applying equation (2.10), the kinetic energy for each flow defined is 
T. 
I i==l,n, 
(2.11) 
and the total kinetic energy is then 
T p n ( 2 ~ )· 2~~ L,Q. x . 
(2.12) 
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While the fluid itself is assumed to have no significant potential energy 
associated with it, it is common practice for a seating valve to include a spring to bias 
the valve open or closed. This spring contributes the potential energy term 
- 1 2 V - 2k(x-x 0 ) , (2.13) 
where k is the spring constant and x0 is the value of x when no force is applied. 
The external generalized forces and pressures that are part of Lagrange's 
equations are determined using the method of virtual work. The virtual work on the 
model consists of work performed on the valve mass and work on the fluid. Thus the 
virtual work is equal to a generalized force multiplied by a virtual displacement of the 
valve plus a generalized pressure multiplied by a virtual volumetric displacement bV, 
associated with the generalized coordinate Q: 
bW == F gen bx + P genb'V. (2.14) 
To determine the virtual work on the model, the boundary of the system must first be 
defined and the conditions at the boundary specified. Figure 2 shows the valve with the 
external conditions labeled. The virtual work imparted to the valve region is then 
(2.15) 
where in the above expression, the pressures P o,i and PL,i are the total pressures at 
z, =0 and zi = L,. The relation between 6V 0,i and 6V L,i is found by the conservation of 
mass in the orifice region: 
12 
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(2.16) 
Substituting (2.16) into (2.15) results in the expression for the virtual work 
(2.17) 
This equation is in the form of (2.14) so the generalized force is 
(2.18) 
where P O i is now changed to represent the static pressure, and the dynamic pressure 1s 
' 
written in terms of Qi and x by making use of equation (2.6) evaluated at zi ==0. The 
pressure terms P o,i and P L,i used in all su bseq uen t equations refer to the static pressure 
at the corresponding location. The generalized pressure at each orifice region is 
{ P~·} { pv[.} p gen,i == p O,i + 2 ,, - PL,i + 2 11 ' i==l,n . (2.19) 
Expressing the velocities according to equation (2.6), the generalized pressure is 
p gen,i { } { 2} pLi A • pLi . 2 Poi - PL· + 2 Qix + -2 x , ' ,, x w. 2x I i==l,n . (2.20) 
Now that all of the energy terms, generalized forces and generalized pressures are 
determined, Lagrange's equations may be assembled. A new variable, V=x, is 
introduced so that second order derivatives of x will be eliminated from the resulting 
equations. This leads to the first state variable equation 
14 
.. 
.. 
X V. (2.21) 
After applying all the partial differentials and time derivatives from equation (2.1 ), 
combining terms where possible, and noting equation (2.21 ), Lagrange's equation for the 
valve mass yields 
(2.22) 
Similarly applying Lagrange's equation ( 2. 2) for the flow, and combining all similar 
terms yields 
2 
2pLiQA pLi . 
-2- iv+ ~v 
X W· ..... X 
s 
2 
pLi 2 
-v 
x2 
A 
i==l,n. 
(2.23) 
Equation (2.22) and (2.23) each contain both Qi and V, making them coupled 
equations and not in standard state variable format. To uncouple the equations, 
equation (2.23) is solved for Qi and substituted into (2.22) which may then be written 
explicitly in terms of V, equation (2.24). When this expression is numerically solved, its 
solution may then be placed in the differential equation for flow, equation (2.25). The 
state variable equation for the valve-mass is 
15 
... 
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(2.24) 
and for the flow through the orifice regions, 
2QA wiLi. w.L._.2 xw.( ) 
xiv- 2 v+ ~•v +-L• Poi-PL. p i ' ,, i==l,n. (2.25) 
Therefore equations (2.21), (2.24) and (2.25) define the differential equations of the 
valve. 
The total flow through the valve can then be found by applying the conservation 
of mass in Figure 1. The relation between the flow out of the overlap region and the 
total flow out of the valve Qvalve, is 
n A I: Qi - lwbx (2.26) 
i=l 
The second term on the right side of this expression 1s the "displacement flow" of the 
valve, and Qvalve represents the flow both into and out of the valve. The flow Qvalve IS 
of importance to external conditions around the valve. 
2.4 Determination of Pressures in the Model 
At this point there are non-state-variable terms 1n the equations that have not 
been defined. These are the static pressures P 1 , Pb, Po,i, and PL,i· The first two 
pressures are external to the valve, while the latter two are internal. 
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The expressions for PI and P 6 are determined by the particular conditions that 
surround the valve. A pressure may be set constant or related by equations to upstream 
or downstream conditions. A possible way to describe one of these pressures is to 
specify it as being in a region of compliance. In this case, the general equation 
describing the change in pressure for either pressure, denoted by P J,t,, is 
comp (2.27) 
where V c is the volume of the compliance region, /3 is the effective bulk modulus of the 
fluid in that region, Qin is the flow into the compliance region, and Qout is the flow out 
of the compliance region. If this description is used, the flow on the side away from the 
valve may now be specified as a function of some upstream or downstream parameter 
while the flow on the valve side is determined from equation (2.26). The relation of 
upstream to downstream characteristics with consideration of a fluid line and source is 
handled in section 2.6 on the modeling of a fluid line. 
The expressions for P o,i and P L,i are dependent on the static pressures P 1 and 
Pb, and on the direction and magnitude of the flow through the valve. If the flow is 
entering an orifice region from the front of the valve ( V0 i > 0), then the expression for 
' 
P O i is represented as the static pressure in front of the valve minus a pressure drop due I 
to contraction 
Po· ,, 
2 
PVo,i 
pf -
2c~ 
or if an expression for v0 using (2.6) is substituted in (2.28a), then 
Po. ,, 
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i==l,n , (2.28a) 
', .···.\, ,·. \ ,' 
where Cc is a valve contraction coefficient. Otherwise, if the flow is exiting the overlap 
area at the front of the valve ( V0 i < 0) then I 
Po· 
•• 
i==l,n, (2.29) 
because the kinetic energy of the flow at the exit is fully dissipated; there is no pressure 
recovery. 
Likewise, if the flow is entering the valve overlap area from the back of the valve 
( vL,i< 0) , then the expression for PL,i becomes 
PL. 
'. 
2 pVL. 
P ,, b -
2c~ 
i==l,n. (2.30a) 
If an expression for VL using (2.6) is substituted in (2.30a) then, 
PL. 
,s i==l,n. (2.30b) 
Otherwise, when VL . > 0, then 
I I 
PL · == p b , 
'. 
i==l,n. (2.31) 
It is possible in some situations to have flow entering or exiting an overlap area from 
both sides. In either case, the pressures, P o,i and PL,i must still be handled as described 
in the above equations (2.28-2.31 ). 
This completes the modeling of the immediate valve region during non-cavitation 
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periods. To complete the overall model, excitations to the valve region must be 
included, whether in the form of input flows or pressures, or some relation between 
them. In addition, initial conditions must be determined that will cause the valve to 
open or close. 
2.5 Modeling of Cavitation and the Application of the Newton-Unsteady Bernoulli 
Approach 
Cavitation occurs when the pressure of a fluid is lowered to its vapor pressure, 
causing the formation of vapor cavities. Its presence may effect the normal operation of 
a valve. The inclusion of cavitation in the model adds more state variables and 
complicates the equations for use 111 a con1puter simulation. Therefore, in situations 
with cavitation present it is easier to switch to a simpler model of the valve by 
eliminating some of the couplings found via the Lagrangian method. In particular, the 
valve-mass differential equation is found fron1 a direct force balance of the valve, and the 
flow differential equation is formed by assuming a one dimensional model as represented 
by the unsteady Bernoulli equation on the valve overlap region. When cavitation 
occurs, the fluid velocities become very large and virtually one-dimensional, so the errors 
of omission should be quite small. 
There are basically two situations in which cavitation may form. The first 
situation results when the pressure in a volume represented with a compliance, drops to 
vapor pressure due to a net flow leaving the volume, as equation (2.27) would predict. 
Cavitation is assumed to occur the moment that the fluid vapor pressure is reached; the 
pressure drops no further, but instead a vapor cavity forms and grows as the net flow 
continues to leave the volume. An equation describing this relation in general is 
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V cav (2.32) 
where Qout and Qin are the flows out of and into a cavity of volume V cav, This 
equation can be thought of as a substitute equation for (2.27), valid whenever equation 
(2.27), if used would predict negative absolute pressure. For this analysis, a compliance 
volume is assumed to be located in the upstream region of the valve and may experience 
this type of cavitation. 
Cavitation also occurs when the velocity of a fluid becomes high enough so that 
its total pressure is predominantly a dynamic pressure, resulting in a static pressure that 
approaches zero. This type of cavitation is most likely to occur in the orifice regions, 
where the velocity is highest, specifically along the edges of the high velocity flow at the 
vena contracta [6]. Cavitation such as this will not begin at a flow exit location unless 
the region has already started cavitating due to an adjacent cavitation volume of the 
first type. This is because the pressure at an exit is independent of velocity and rather 
is equal to either P 1 or Pb, as indicated in equations (2.29) and (2.31). In addition, 
cavitation will not be likely to occur when the valve is closing, because the highest 
velocity and likewise lowest static pressure of the fluid would then be at the exit location 
of an orifice. In effect there are two situations when cavitation due to high velocity in 
the valve region may occur, and as a result, two sets of equations to model the 
cavitation. 
Case 1. If v0 . is positive, indicating flow into the overlap region from the front ,a 
of the valve, and the velocity of the valve is positive, the highest fluid velocity will exist 
at the entrance Z(=O along the overlap section. It is possible for the static pressure to 
drop low enough for cavitation to begin forming at this edge, as implied in the equation 
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for P0 i (2.28a). 
' 
Case 2. If VL , is negative, indicating flow into the overlap region from the back 
' 
of the valve, and the velocity of the valve is positive, the highest velocity of the fluid 
exists at z,=L,. Therefore, cavitation may begin at this edge as implied by the equation 
for PL,, (2.30a). 
As the model for this cavitation in both cases, a fluid-cavity interface forms in an 
orifice region at the corresponding edge of the region. The distance from the outer edge 
of the valve to where the interface is located is denoted as zint i in the same manner that 
' 
zi was defined in the earlier analysis. See Figures 3a and 3b. 
To represent the motion of the valve, the first step is to perform a basic force 
balance on the movable valve plate, as in Figure 4. Defining a new state variable to 
eliminate the second derivative of x results in the following equations for the motion of 
the valve 
X V (2.33) 
V i==l,n, 
(2.34) 
where P avg,i is the average pressure in an orifice region, Aavg,i is the area that the 
average pressure acts on, and xAcav i is the void resulting from cavitation. For 
' 
cavitation that starts from the outer edge of the overlap where zint i ==0, Acav i ==z,nt ,w,, 
' ' ' 
and for cavitation that starts from the inner edge where z,nt , == L;, 
' 
The equations describing the cavitation for Case 1 are developed first and the 
model is shown in Figure 3a. The expression for the velocity of the fluid-cavity interface 
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is found from a conservation of mass in the fluid reaion from z. = z. t . to z. = L. and 
o· • an ,• • • 
results in the expression 
xw. ' 
• 
i=l,n , (2.35) 
where initially zint i =0 at the onset of cavitation. The cavitation region will grow, and 
' 
when the interface location returns to zint i ==0, the cavitation in the overlap region 1s 
' 
assumed to have dissapeared, and the differential equation is eliminated. The important 
effects due to this cavitation are that the static pressure at zint i is equal to zero, and 
' 
the fluid exists on only one side of the interface. 
For the differential equation of the flow, the unsteady Bernoulli equation is 
applied to the valve overlap area in the fluid region from zi==Li to zi==zint i resulting in 
' 
pV.L. 
P + 
,, 
L,i 2 i==l,n. (2.36) 
p P V:int,i 
zint,i + 2 
The conservation of mass applied to obtain the equation for Vz i (2.6) is still applicable 
' 
in the the fluid region. After substituting in expressions for VL ., Vzint i' and Vz i into 
'I ' > 
equation (2.36) and then solving the equation for Qi which appears as a result of the 
unsteady term, the state variable equation describing the flow for cavitation begining on 
the outer edge of an overlap region at z;==O becomes 
i==l,n . (2.37) 
-To calculate the average pressure with cavitation begining at the outer edge, the 
· pressure at a location zi is first determined by solving equation (2.37) for P zint,i and 
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replacing each occurance of zint i by zi. 
I 
2 
p(Li - zi) V 
2 ' X 
i==l,n. (2.38) 
The expression for P avg,i is found by integrating P z,i over the fluid region from Z; ==zint,i 
to zi =L; and dividing by the length of the interval (L; -z;): 
p avg,i P z i dzi , 
I 
Therefore, the average pressure in the fluid region is 
p avg,i 
2 
p(Li - ~int,i) V. 
3x 
i==l,n. (2.39) 
i==l,n (2.40) 
The equations derived above can also be applied for situations when no 
cavitation exists. This is necessary if in the simulation of the valve, cavitation comes 
and goes. To apply the equations to a non-cavitating situation, equation (2.35) is 
eliminated and zint i==O. Equations (2.33), (2.34), (2.37) and (2.40) are used with 
' 
zint,i==O, and the equation for PL,i is either (2.30b) or (2.31). 
The second case where cavitation occurs due to high fluid velocity is at the inside 
edge of the valve overlap region. The model of the cavitation is shown in Figure 3b. 
The distance from the outer edge to the fluid-cavity interface is, as before, Zant. Since 
cavitation occurs at the inside edge, the static pressure at zi = L; is equal to zero and 
from (2.30b ), 
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A 
This sets the state variable Qi as a constant, resulting in the state variable equation 
. 
A 
Qi ==0. The expression for the velocity of the fluid-cavity interface is found from the 
conservation of mass and 1s identical to (2.35 ), although for this situation, zint i == Li 
I 
initially. Cavitation grows with decreasing zint i and dissapears when zint i ==Li again. 
I I 
The velocity of the fluid at any zi in the region between zi ==0 and zi ==zint, and the 
velocity at zi ==0 can be determined by equation (2.6). Applying the unsteady 
Bernoulli's equation from zi ==0 to zi ==zint and integrating as in (2.39) but over this 
interval, results in the equation for the average pressure: 
p avg,i 
PZint,i PZint,i 
Pa,i + 2 Qiv- Qi 
X W 2xw. i I 
i==l,n. (2.42) 
In both cases of cavitation begining at an orifice edge, the expression for P avg,i 
contains both Qi and V. Therefore, during integration, P avg,i is calculated using values 
from the previous time step so that the equations can be assumed to be uncoupled. As 
. 
a result, the value of V can simply be substituted into the Qi equation where applicable, 
when solving the differential equations. The state variable equations for use with 
cavitation present are (2.33), (2.34), (2.35), (2.37) or (2.41), and (2.40) or (2.42). 
2.6 Modeling of the Fluid Line 
In addition to modeling the valve area, a representation of the characteristics of 
the line on either side of the valve is necessary to form a simulation. For the cases of 
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interest, the dynamic effects of the line downstream from the valve can be ignored, and 
a constant back pressure is assumed. Therefore, for the downstream side of the valve, 
(2.43) 
The upstream line to the valve area 1s represented as in Figure 5. If equation (2.27) is 
used to express the change in pressure on the upstream side of the valve, then Qout 1s 
defined by (2.26), and the flow into the compliance region Qin, now denoted as Qdwn.,tr 
because of the relation to the source, must be determined. 
One method of modeling the line is to assume that at a particular location 
upstream there exists a constant pressure source, and that the fluid in between is 
inviscid and incompressible. The pressure near the valve equals the pressure upstream 
less a pressure drop due to fluid inertia, and a kinetic head loss due to sudden expansion. 
Thus, 
(2.44) 
where P up.,tr is the pressure upstream near the source, Qdwn.,tr is the flow in the 
downstream end of the line, Aline is the internal cross sectional area of the fluid line, 
and Ce is a coefficient associated with expansion loss. The parameter I is the inertance 
of the fluid in the line and is expressed as 
I (2.45) 
where Lune is the length of the line from the source to the valve. By using tb~lation, 
the differential equation for the flow at the valve en-d of the line is 
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(2.46) 
This model is useful only for situations in which the flow changes are slow enough 
compared with wave delays, that wave propagation need not be considered explicitly. 
Another option to model the fluid line, aimed at fast changes in the flow, 
represents the line by a surge impedence. This decribes the pressure-flow characteristics 
in the line in terms of waves. In some cases, such as sudden valve closure or opening, 
pressure waves may travel in the line in accordance with the theory of waterhammer 
and may be described by the method of characteristics [5]. The description states that 
the pressure difference across the wave interface is equal to the negative of the 
impedance multiplied by the flow difference. This results in the following equation for 
the pressure near the valve with the inclusion of a pressure loss due to sudden 
expansion: 
p upatr - zc( Qdwnatr - Qupatr) - (2.4 7) 
where Zc is the surge impedence associated with the line and is expressed as 
(2.48) 
The flow in the line is determined from equation (2.4 7) and it depends directly on the 
pressures 1n the line and the value of Qup.,tr which 1s the flow on the upstream side of 
the wave. Therefore, 
CeAline - Zc + 2 2 ( p z; + 2 P2 ( ZcQup,tr + { P up,tr - P J,"} )) 
c~Aline 
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(2.49) 
This result does not include any effect of wave reflections from the far end, or 
incident waves, for the following reason. The result is applied only to four specific cases 
(in Chapter 3). The initial conditions for the first case include a virtually steady, 
uniform flow in the tube, as a result of a long relatively quiescent period. In the other 
three cases a single narrow wave front exists near the valve, traveling away from it and 
superimposed on a virtually steady uniform flow elsewhere in the tube. In all cases, the 
pre-existing wave, should it exist, and all other waves generated by the motion of the 
valve in question, do not reach the far end of the line and reflect back to the valve until 
after the valve stroke and its simulation is completed. 
It should be noted that both models of the line given above omit the effects of 
wall shear, which are very complicated. It has been determined by methods and results 
for wave propagation in viscous lines that these effects are secondary for the particular 
problems considered here, in so far as energy lossed in the valves are concerned. The 
actual energy losses due to wall shear in the tube, however, are by no means negligible. 
They are considered in Chapter 4 which deals with the modeling of the fluid line with a 
frequency dependent friction. 
2. 7 Input to the Fluid Line 
The input at the upstream end of the fluid line represents the characteristics of 
the source. If equation (2.46) is used for the expression for the flow downstream, then 
the pressure P upatr must be specified. This could be a constant pressure source, or the 
pressure may be a function of time. The flow at the upstream location is not specified 
because it is determined by the flow downsteam. If equation (2.49) is used as the 
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expression for the flow downstream, the upstream pressure is specified as before, but 
now a Qup,tr must also be specified. This pressure-flow combination represents the 
characteristics on the upstream side of the wave front. 
2.8 Initial Conditions 
The model of the valve is complete and the inputs have been represented. The 
initial conditions are now needed for the simulation of the valve opening or closing. 
Specifically, all state variables must be given initial conditions because they are defined 
by differential equations. The choice of initial conditions for the state variables is not 
arbitrary because the equations of motion for the valve and the flow differential equation 
must be satisfied. A convenient initial condition is to start the simulation at a static 
situation, assuming the valve to be in static equilibrium and the flow through the valve 
to be steady. Eliminating derivative terms in the equations and using the subscript init 
for initial conditions, the state variable equations (2.21), ( 2.24), and (2.25) become 
0, (2.50) 
(2.51) 
0 Po .. ·, - PL .. ,,,,n, ,,,,nit · (2.52) 
Depending on the flow direction through the valve, the values of P O i init and PL i init 
' , , J 
are expressed either by (2.28b) and (2.31 ), or (2.29) and (2.30b ). In the static condition 
equation (2.52) becomes 
p 6,init p J ,init =f 
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pQi,init 
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.i. 
·'· 
~· 
,· 
,,.t, 
where the upper sign is for flow coming from the front of the valve to the back. 
If the flow is assumed to enter from the front, then the previous equations result 
. 
ID 
Po ... 
,•,•n• t PL ... ,•,•n•t (2.54) 
Qi,init =CeXinit W i,init~ ~( p /,init - p 6,init) · (2.55) 
Assuming that the surface area at the front side of the valve plate is equal to the surface 
area on the back, and P b,init is a known constant, the value of P /,init is found in terms 
of the displacement of the valve. Therefore, 
p /,init pbinit+ , (2.56) 
This form of the equation assumes that the displacement of the valve is a specified 
initial condition. Equation (2.56) could be rearranged so that P J,init is the specified 
initial condition and x,nit is determined from the equation. In either case, Q, init is 
J 
found by (2.55). 
In a similar manner, if flow is assumed to enter from the back and P 1 is known, 
then 
Po ... 
,s,anat p /,init ' (2.57) 
Qi,init =ccXinit w i,init j( p b,init -P /,init) , (2.58) 
p 6,init p J,init - (2.59) 
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Initial conditions other than the static initial condition are more difficult to obtain 
analytically. 
The initial line flow Qdwntr must also be specified at the begining of the 
simulation. Using equation (2.27) to determine the flow in the line, the derivative of the 
pressure in front of the valve is set equal to zero so that the flow in the line will be equal 
to the flow in the valve. If the model of the line with an inertance is used, the pressure 
upstream must be specified. If this pressure is greater than the initial pressure in the 
valve region, the flow in the line will initiallly be accelerating to account for the pressure 
drop. If the surge impedence approach to the line is used, then the flow upstream is 
specified along with the pressure, depending on wave chacteristics that are expected in 
the particular system. 
2.9 Energy Losses in the Valve 
In this analysis, it is assumed that when flow travels through a valve, there is no 
pressure recovery at the exit of the orifice. This is equivalent to saying that the 
dynamic pressure at the exit location is fully dissipated. The power lost is then the 
product of the dynamic pressure and the flow at the exit location. Therefore, the energy 
dissipated is the integral of the power: 
(2.60) 
If the exit velocity is expressed in terms of the exit flow, Vex it== ~~it, then the energy 
dissipated is 
3 
E _ _e_JIQexit ldt di, - 2 2 2 . 
W X 
(2.61) 
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The definition of the exit flow depends on the direction of the flow. For the valve model 
used before with no cavitation, Qi will represent an exit flow when ~L ·> 0, and the flow 
'. 
equal to Q, +Liwix will represent an exit flow when Vo,i< 0. There are situations when 
both these flows represent exit flows, and situations when no exit flow exits at all. If 
cavitation exists in the valve, appropriate expressions for the exit flow can easily be 
defined. 
2.10 Summary of the Valve Model 
The completed model of the valve includes the differential equations describing 
the valve motion and flow through the valve in both cavitation and non-cavitation 
periods. It also considers fluid line effects, external inputs to the line, and initial 
conditions. Information about the energy losses and any other variables defined may be 
learned through simulating the valve dynamics by numerically solving the differential 
equations using a fourth order Runge-Kutta integrator. 
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Chapter 3 
Simulation of the valves in 
the switched inertance intensifier 
The general method for modeling seating valves was developed with the intent of 
applying it to the simulation of the switched inertance intensifier. The intensifier uses 
two seating valves, mounted in opposite ways from each other, that is, one is a check 
valve and the other is a reverse check valve with respect to the upstream end. They can 
be modeled by using the equations in Chapter 2 and applying specific conditions found 
in the system. The motion of the valves, pressure-flow characteristics, and the energy 
dissipated during valve movement may be determined by simulating the conditions of 
the opening and closing of the valves during the pressure intensification period. As a 
result, the mechanisms of the pressure intensification may be further understood, 
efficiencies and energy losses determined, and the system may eventually be optimized 
based on the results of the simulations. 
This chapter applies the modeling technique described in Chapter 2 to the 
intensifier and develops the simulation of the system, focusing on the events that occur 
in the valve area. 
3.1 Operation of the Switched Inertance Intensifier 
The basic function of the switched intertance intensifier is to convert an input 
pressure into a much higher output pressure by using the inertia of a fluid. The 
schematic of the system is shown in Figure 6. The intensifier consists of a hydraulic 
pump and an accumulator on the upstream end, which together constitute the source. 
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The source is connected to the downstream end by a fluid line of significant length 
through which the flow is accelerated. At the downstream end, there are two valves 
built into a valve block as seen in Figure 7. The drawing of the valve block represents 
the original design that has since been modified. The size of the fixed plates has been 
increased, and the valve stop on the load side has been redesigned. Excluding these 
changes, the block is basically the same. The main valve is a reverse check valve leading 
,7 
to the tank, biased open by a spring, which will close if the pressure on its upstream side 
becomes high enough. The other valve is the load check valve, without a spring, which 
is oriented so that a high enough pressure on its upstream side will cause it to open. 
The operation of the intensifier begins with the reverse check valve set to an 
open position and the load valve closed. Flow enters the line from the source, gradually 
accelerating throughout the length of the tube due to the modest supply pressure in the 
upstream accumulator. As the pressure ahead of the valve slowly builds due to the 
resistance to the increasing flow, the valve begins to close against its spring. The partial 
valve closing causes a pressure surge in the line which accelerates the closing; the valve 
reaches an unstable position from where it will close rapidly. A large compression wave 
is formed which travels from the valve area towards the upstream accumulator. If the 
surge pressure is higher than the load pressure, the load check valve will open and admit 
flow. The opening of the load check valve reduces the level of the surge pressure that 
would form if the valve were closed. 
When the compression wave reaches the upstream accumulator, it is reflected by 
a rarefaction wave that will travel back to the valve area. When this wave reaches the 
valve area, and assuming the load valve is open, the pressure on the load side of the load 
valve will be greater than the pressure resulting from the rarefaction wave, and therefore 
this valve will close. After the load valve closes, the pressure continues to drop and the 
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low tank pressure behind the reverse check valve causes it to reopen. During this time, 
a rarefaction wave reflects to propagate back upstream. The process of the waves 
reflecting from one end to the other repeats several times with the tank valve open and 
the load valve closed, until the pressure again builds up on the reverse check valve 
causing it to close again; the cycle repeats. 
The events that are simulated using the seating valve model are 1. the initial 
closing of the tank valve, 2. the opening of the load check valve, 3. the closing of the 
load valve, and 4. the reopening of the tank valve. They must be simulated in that 
order because the results of one simulation become the initial conditions of the next. 
Fortunately, these events do not overlap. 
3.2 Analytical Model of the Switched Inertance Intensifier 
3.2.1 System Data 
Applying the modeling method developed in Chapter 2 requires the knowledge of 
data relating to the system. The following constants for the operation of the switched 
inertance intensifier are seperated into those that are fixed and known for the system, 
those that are fixed and estimated, and those that are set during operation. The fixed 
and known constants are 
p= 0.78x 10-4 
m = 0.0005824 
k= 600 !b 
1n 
lb 8 2 
in 4 
lb 8 2 
1n 
Aline= 0.10752 in 2 
Lline = 60 in 
l=pLline = 0.0435 lb 82 
A 1·05 line 
,- •," 1_. 
density of oil 
mass of movable valve plate ( either valve) 
spring constant for reverse check valve 
inner cross sectional area of fluid line 
length of fluid line 
inertance of fluid in line. 
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x0 = .020 in. 
Xma% {load) = variable 
displacement of reverse check valve when no force applied. 
maxim um opening ( mechanical stop) of load valve. 
Constants that are fixed and estimated are 
/3= 200,000 psi 
\I= 0.343 in 3 
effective bulk modulus of fluid 
volume region in front of valves where compliance exists 
36. 73 lb s characteristic line impedance 
in 5 
Cc =0.61 contraction coefficient associated with either valve 
Ce =0.9 expansion loss coefficient for line flow. 
Constants that are set during operation are 
P upatr == 50 - 200 psi 
Pload==> 800 psi 
upstream pressure (gage) 
pressure behind reverse check valve from tank (gage) 
load pressure behind load check valve (gage) 
These pressures are chosen in the section describing the results of the simulations. 
3.2.2 Valve Representation 
The two valves that operate 1n the device can be represented by the dimensions 
defined in section 2.2, with some analytical approximations made due to irregular 
geometry. Both valves consist of both a fixed plate and a movable plate with slits 
machined in them for flow to pass through. See Figure Sa and Sb for drawings of both 
plates. The fixed plate has been changed to a larger size since Figure Sb was made, but 
the arrangement of the slits is still exactly the same and therefore does not affect the 
analysis. The barred regions between the slits of a plate are referred to as the valve 
lands. The movable plate is situated in front of the fixed plate so that the lands of one 
plate cover the slits of the other when the valve is closed. The fixed plates used for both 
valves have the same slit configuration, while the movable plates differ slightly from 
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each other in that the load check valve does not have the two outer slits, and will 
consequently allow less flow. 
To model these valves, it 1s necessary to determine values for the geometric 
parameters defined in section 2.2. For both valves, the parameter l is the width of a 
slit opening in the fixed valve plate. As seen in Figure 8b, l-::=/6 in. The parameter w6 is 
determined as being the total length of all of the slit openings in the lower plate. From 
the dimensions of the valve w 6 == 4 .6 in. Therefore the displacement flow area for both 
valves is w 6 l == 0.2875 in, and is represented by the area of the lands of the movable 
plate immediately above the slits in the fixed plate. 
3.2.3 Reverse Check (Tank) Valve 
The representation of the reverse check valve will be considered first, and is 
shown in the cross-sectional side view in Figure 9. Positive flow travels from the fluid 
line, through the valve, and to the tank. A spring, not shown is included to bias the 
valve open. For this valve it is possible to define two orifice regions as described in 
section 2.2. The first orifice region denoted as i= 1, consists of the locations in Figure 9 
where the lands overlap. Since for all the slits, the land overlap length is the same, 
L1 == 6~ in., the model allows these orifices to be considered as one orifice region. The 
orifice width w1 is the total edge length of the slits in the fixed plate not including the 
rounded ends. The measurement in one location is shown in Figure 10. For the reverse 
check valve this value is equal to w1 == 8.325 inches. 
The second orifice region is the area where flow comes in from the edge of the 
valve and through the rounded ends of the slits in the fixed plate. To develop the 
dimensions describing this orifice region requires some approximations. The orifice 
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width w2 exists at the end of the slits, and is defined as the distance measured around 
the edge of the semicircles. This value is calculated as w 2 = 1.375 inches, and the 
representation of the dimension is shown in Figure 10. The overlap length for this 
region is not easily defined because of the variation in the distance from the edge to the 
end of the slits. As seen in Figure 10, three different distances from the valve edge to 
the slits may be measured. It would not be practical to assign a new flow variable for 
each of these orifices because these flows are secondary flows. Instead, an average of 
these overlap distances is taken, and one orifice region defined. The edge distance to the 
middle five slits is easily measured, but for the two outer slits, most of the flow to the 
ends of the slits will be coming from the edge toward the sides and the overlap distance 
taken from there is less than the distance from the other edge. An approximation for 
the average overlap length that the flow will travel through can then be taken as 
The surface areas on the movable plate that the pressures P 1 and Pb act on are 
A 1 ==0. 769 in 
2 and Ab== 0.351 in 2 . The area of the front of the movable valve plate is 
equal to the sum of the areas of the back of the plate. Therefore, A f = Ab + it ( w; L;). 
3.2.4 Load check valve 
1:, 
The differe'nce between the load check valve and the tank valve is in the slit 
arrangement of the movable plate. The side cross section of the load valve is shown in 
Figure 11. Since positive flow is always from the front of the valve to the back, flow 
from the load to the line is defined as positive for this valve. The locations where the 
slits in the movable plate are now absent represent regions of valve overlap not 
associated with orifice flow through the valve, but rather additional displacement flow 
through an orifice. This is a special case for this valve and must be treated differently 
45 
·, 
~ 
I 
,1•,' .. ·-- . ' .• ·-J· •. •• ,!t, '' 
]oa<l side Front 
movable valve plate 
I 
l ~ I 
fixed valve plate 
line side Dack 
:i:·· 
;.r, Figure 11 Top View of Load. Valve Cross-Section 
,,. 
,rt'f.': 
,, 
than the other flows. The important dimensions to be considered here are the overlap 
length which is the width of the lower land, L4 =f2 in., and the orifice width 
representing the depth of this displacement flow region, determined to be w d = 1.0375 
inches. Figure 12 shows the description of this region with the control volume used. 
From the conservation of mass, the total flow out of the region is defined as 
(3.1) 
Therefore, modifying (2.26), the total flow out of the load valve is now 
(3.2) 
There is significant kinetic energy located in this region between the lands, so it 
will be necessary to add terms due to this energy into the valve-mass differential 
equation. The velocity in the y direction between the valve plates is described by 
equation (2. 7). The velocity in the z direction with the origin of z at the middle of the 
lower land is 
(3.3) 
The kinetic energy of the fluid in this region is found by integrating the velocity squared 
as in equation (2.10) with the limits of y=O to x, z= - ~d to ~d and with wi replaced by 
w d· The kinetic energy of the fluid in this region is then 
(3.4) 
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The generalized force is found using the method of virtual work to be 
(3.5a) 
or by using (3.3) with z== ;d, 
F P L pwiL~.2 gen== edge W i i + 8x2 X (3.5b) 
where P edge is the static pressure at either edge of the region shown in Figure 12. 
Applying Lagranges equation for the generalized coordinate x, and using the 
state variable definition of V== x, results in the following term to be added directly to the 
left hand side of the differential equation for the valve motion (2.26) 
The resulting expression can be rearranged in the form of the state-variable equation 
(2.26). The absence of the two slits in the movable plate has the effect of adding inertia 
to the valve, decreasing the orifice flow, and increasing the areas where back pressures 
act upon. 
The static pressure P edge is dependent on the direction of the displacement flow 
through the valve, therefore, if x > 0 then 
p edge (3.7) 
-::,; 
. ' 
and if x < 0, then 
) 
I p edge (3.8) 
The above equations (3.1-3.8) are included in the model for the load valve. 
In addition to the displacement flow region just considered, two orifice regions in 
the load valve are defined similar to those of the reverse check valve. The first orifice 
region denoted as i== 1, consists of the areas in Figure 11 where the lands overlap. Since 
as before, the land overlap length is the same, L1 == 6
1
4 in., the model allows these orifices 
to be considered as one orifice region. The orifice width w 1 is the appropriate edge 
length of the slits in the fixed plate not including the rounded ends or the edges where 
the flow Qd is defined to be. For the load check valve this value is equal to w 1 == 6.375 
Ill. 
The second orifice area is the area where flow comes In from the edge of the 
valve and through the ends of the slits. This region IS identical as that for the reverse 
check valve so therefore w 2 ==1.375 in. and L2 ==0.15 in. 
The surface areas on the movable valve that the pressures P 1 and Pb act on are 
A1 ==0.751 in
2 
and Ab== 0.351 in 2 , and the same relation applies as before between the 
front and back surface areas. 
3.3 Equations for the Reverse Check (Tank) Valve 
The geometric parameters for the tank valve are defined and the orientation of 
the valve is such that the front of the valve faces upstream. The differential equations 
may now be applied to this valve. There are two orifice flows associated with the tank 
• A A 
valve, therefore n==2, and the state variables for this model are x, V, Q1, and Q2 • The 
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total flow through the valve Q,ant is represented by equation (2.26). If cavitation is 
present then the state variables zint,i, zint, 2 and V cav are added corresponding to 
cavitation at two orifice locations and the volume region located in front of the valve. 
In non-cavitating situations, the four state variable equations are (2.21) and (2.24) for 
the motion of the valve, and equation (2.25) with i== 1,2 for the flow through the valve. 
The equations for P o,i and PL,i are found by equations (2.28-2.31) and depend on the 
flow conditions that may change during the course of the simulation. For each orifice, 
four different flow conditions are possible and the equations for the pressures at the 
edges of the orifices depend on these conditions. The flow conditions and the 
corresponding equations for the pressures P o,i and P L,i are: 
1. Flow through the overlap region in the positive direction at both edges; (2.28b) and 
(2.31). 
2. Flow into the overlap region from both edges; (2.28b) and (2.30b ). 
3. Flow out of the overlap region from both edges; (2.29) and (2.31 ). 
4. Flow through the overlap region in the negative direction at both edges; (2.29) and 
(2.30b). 
In situations with cavitation present or potentially present, the state variable 
equations used are the cavitation equations (2.32) and (2.35), the valve motion 
equations (2.33) and (2.34), the flow equations (2.37) or (2.41) with i=l,2, and the 
average pressure equations (2.40) or (2.42) with i== 1,2. The choice of flow and average 
pressure equations depends on the side where cavitation begins to form. If no cavitation 
is present, then equations (2.37) and (2.40) are used with zint i ==0. In all cases, P O i and 
' ' 
PL,i are determined from equations (2.28a), (2.29), (2.30a), and (2.31). The values of 
these static pressures indicate the presence of cavitation. 
Inputs to the differential equations for the valve consist of the pressures in front 
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of and in back of the valve. The pressure in back of the reverse check valve is constant, 
P 6=P6act· A region of compliance is located at the front of the valve which faces 
upstream. Since the compliance region represents the front of the reverse check valve 
and the back of the load valve, to keep consistant notation, the pressure in this region is 
denoted P comp and the volume is assumed to be V c. Therefore, the differential equation 
for the pressure (2.27), is written as 
Pcomp (3.9) 
where the sign of Qload is positive because flow entering the back of a valve is defined as 
negative flow. The flow Qdwnatr is dependent on the model of the line used and the 
upstream conditions, which are themselves dependent on the particular simulation. 
The equations for the reverse check valve, valid for both the opening and closing 
of the valve, are now specified except for the line conditions and initial conditions. Both 
of these are dependent on whether the valve is opening or closing and on past events, 
therefore these conditions will be treated in sections 3.5.1 and 3.5.4 describing the 
simulations of the opening or closing of the valve. 
3.4 Equations for the Load Check Valve 
With the geomtric parameters defined for the load check valve, the differential 
equations can be formed for the opening or closing of the load valve. This valve has 
three flows associated with it, but only two of them are considered as orifice flows. 
A A 
Therefore n =2, and the state variables for this model are x, V, Q1 , and Q 2 • The total 
flow through the valve Q,oad is represented by equation (3.2). If cavitation is present 
then the state variables zint,i, zint, 2 and V ca11 are added. For non-cavitation situations, 
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the state variable equations are of the same form as for the reverse check valve except 
for the following changes: 
1. The term (3.6) must be added into the valve-mass differential equation (2.22). 
2. The determination of P edge using (3. 7-3.8) is necessary. 
3. No spring is included in the valve-mass differential equation (2.22) or (2.24). 
The flow directions at each orifice region must be known to determine the static 
pressures at the edges of the orifices, and the four cases described 1n section 3.3 can be 
applied to this valve. Because the load pressure is assumed to be high for this analysis, 
there is no chance of cavitation in the simulation of the load valve. 
The inputs to the differential equations for the load check valve consist of the 
pressures in front of and in back of the valve. The pressure in front of the check valve is 
the constant load pressure P 1 == P load. The compliance region lies in the volume behind 
the load valve, and the equation for P comp is given by (3.9). As with the reverse check 
valve, the flow Qdwn.,tr is dependent on the model of the line used and the upstream and 
past conditions. 
3.5 Procedure for Intensifier Simulations 
The simulation of the pressure intensification in the valve region is broken up 
into four seperate events as mentioned before. Each simulation has considerations or 
assumptions made so that the model will be able to represent the actual system. The 
procedures that are followed in the simulations are decribed in this section. To keep the 
procedure as general as possible, numerical values for inputs and initial conditions will 
not be used in this section, but instead will be included with the results. 
3.5.1 Closing of Reverse Check Valve 
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To simulate the initial closing of the reverse check valve, the line is first modeled 
with an inertance a.s in equation (2.46), thus assuming relatively slow changes in flow. 
The simulation is handled this way to better observe the effects that initiate valve 
instablilty. The upstream pressure found in (2.46) is then specified as being constant for 
this simulation. 
Initial conditions are determined by starting with a static condition on the valve 
as suggested in section 2.8. The displacement of the valve, or the pressure in front of 
the valve will be an explicitly specified initial condition leaving the other term to be 
determined from equation (2.56). With the inititial displacement and pressure in front 
of the valve determined, each initial flow through the valve is given by equation (2.55). 
From these flows, the total flow through the valve is determined from equation (2.26) as 
being the sum of the individual flows. Assuming P comp to initially be constant in 
equation (3.9) and the load valve is closed, the initial flow in the downstream end of the 
line is equal to the total flow through the tank valve. The only initial unsteady 
parameter in the model is the flow at the downstream end of the line, because the initial 
acceleration of the flow in the line must be nonzero to account for the pressure drop 
between the upstream end and the pressure at P comp, as can be seen in (2.44 ). The 
simulation is run with these initial conditions. 
The assumption of an inertance with incompressible flow is fine for the initial 
slow changes in the flow, but when the valve reaches an unstable position, the flow 
decelerates rapidly, and the compressibility of the fluid becomes an important factor. 
Since the flow is initially assumed to be accelerating, the fluid line model is changed 
. 
when the flow in the line reaches a maximum. This signifies the time when Qdwn,tr =0 
and Qdwn,tr =Qup,tr so equations (2.44) and (2.47) are equivalent, and the change to 
modeling the line with a characteristic impedance is continuous in terms of the pressure 
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in the compliance region and the flow downstream. At this time, the pressure in front of 
the valve is equal to the pressure upstream minus a head loss due to expansion, and the 
flow in the line is steady and equal to Qup,tr everywhere, corresponding to an idealized 
' 
compression wave that has traveled from the upstream end and has just reached the 
valve area. 
The simulation is thus continued with an impedance model of the line, until the 
reverse check valve is closed and the flow through the valve is effectively zero. The final 
values for the pressure and the line flow in the downstream region are now the initial 
conditions for the next stage of the simulation, which is the opening of the load check 
valve. 
3.5.2 Opening of the Load Check Valve 
The simulation of the openmg of the load check valve starts where the 
simulation of the closing of the reverse check valve ended. The reverse check valve has 
closed, the pressure P comp has increased considerably, but is still less than the pressure 
behind the load check valve P load, the flow in the downstream end of the line is 
decreasing, the upstream flow is Qupatr determined from before, and the fluid line 
retains the model used before with a characteristic impedance. 
At the begining of this simulation, the pressure in the compliance region will 
continue to rise according to equation (3.10) because the load flow is zero and the flow 
in the line is directed into the region of compliance. The valve starts to open when 
P comp becomes equal to the load pressure P load. Flow then travels into the load region. 
The simulation is run until the check valve opens to the maximum position as a result of 
the stops mounted in front of the valve, and the pressure and flow into the valve settle 
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to constant values. These constant values represent the downstream characteristics of 
the compression wave traveling upstream. They will remain steady until a rarefaction 
wave returns from the upstream end. 
3.5.3 Closing of the Load Check,,V alve 
As mentioned before, a compression wave corresponding to the characteristics of 
the load valve travels upstream towards the source. This wave is assumed to start at 
the moment that the pressure-flow characteristics are relatively constant at the load 
valve. The compression wave travels upstream and reflects off the upstream source as a 
rarefaction wave of a pressure equal to the constant source pressure, and a characteristic 
flow described by 
Qupatr== Qdwnatr+ ic(Pupatr- Pcomp), (3.10) 
where Qdwnatr in this case is the constant flow at the end of the simulation of the check 
valve opening. The value of Qup.,tr will most likely be negative, indicating flow away 
from the valve toward the source. This new rarefaction wave travels back down to the 
valve end and the total round trip wave time from when constant conditions existed in 
the load valve region to when the new wave arrives is 
t == 2 Lline 
C where c=~ =wavespeed of fluid. (3.11) 
The rarefaction wave is assumed to arrive at the valve section abruptly, when in 
actuality there is some wave spreading of the initial compression wave as already 
computed, and subsequent spreading due to viscous effects in the tube. Nevertheless, 
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the simplification that results is great, and the concomittant error is believed to be 
small. Thus, at the time the wave reaches the valve region, the flow Qdwn,cr changes 
abruptly to the value of Qup,cr· The pressure P comp, the flow through the load valve 
Q,oad, and the valve displacement are assumed to be at the conditions determined at the 
end of the simulation of the opening of the load valve. The line model for this remains 
the same with a characteristic impedence, but the new Qupatr is used. 
The simulation of the closing starts at the time when the wave has just arrrived 
at the valve region and the new flow in the line directed away from the compliance 
region begins to cause P comp to drop. The dropping of the pressure in this region causes 
the load valve to begin to close and flow will exit from the load into the line. The 
simulation of the closing ends at the moment the load valve fully closes and the flow 
through it is virtually zero. 
3.5.4 Opening of the Reverse Check Valve 
The opening of the reverse check valve begins when the pressure in front of the 
valve P comp, becomes less than the pressure behind the valve Pb, which is on the order 
of 14. 7 to 24. 7 psia. At the end of the simulation of the load valve closing, P comp may 
have dropped to this level. If it has not, an integration of (3.9) with the load flow and 
tank flow set equal to zero and the downstream flow expressed by (2.49) will continue to 
drop the pressure. The back pressure is low, and when P comp drops to P 6 , it takes only 
approximately 1-2µs more to fully drop to vapor pressure, which is essentially O psia. 
The distance that the valve might open in this time is on the order of 1 x 10-9 inches, 
which is negligible. Therefore, for simplicity, it is assumed that the opening starts when 
the pressure drops to cavitation level. With cavitation, the negative ·flow in the line 
begins to cause a vapor cavity to grow, while the static pressure of the cavitated region 
!. 
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remains constant at O psia. Flow travels through the orifice from the region of P 6• The 
velocity of the fluid in the orifice region 1s high enough and the back pressure is low 
enough that cavitation begins to form at the inside edge of the overlap region; therefore, 
cavitation is assumed to be located throughout the orifice region and in the volume 
region in front of the valve. The solution to this problem is found analytically. 
Since the flow in the overlap region has cavitated, the pressure at location z=Li 
is equal to zero. The flow is negative at z =Li, so equation (2.30b) is used to express the 
static pressure at the inside edge of the overlap, resulting in the flow determined by 
-c,xw .~ 
2
~
1 i=l,n. (3.12) 
The total flow through the valve Qtank is then represented by equation (2.26). The 
cavitation near the valve is modeled as though it were a single cavitation bubble. 
Applying the conservation of mass to the cavity volume that forms results in 
(3.13) 
where Qdwn 3 tr is constant and negative because of the constant pressure of O psia in the 
cavitation region. Because cavitation is present at the front side of the valve and in the 
orifice regions, the only force on the valve is due to the static pressure in the back acting 
on the regions over the slits of the fixed plates. A direct force balance on the movable 
valve plate results in the equation of motion. Integration of the acceleration to find the 
velocity and position, assuming zero intitial conditions, results in the three equations: 
(3.14) 
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(3.15) 
(3.16) 
If these equations are substitituted into (3.13) along with (3.12), and the expression 1s 
integrated with respect to time, the volume of the cavity as a function of time is 
V catJ (3.17) 
This represents an analytical solution for the cavitation problem, which is valid until the 
time when the volume of the cavity decays to zero. The position, velocity and flows 
through the orifices and through the valve may be determined at any time up to where 
the cavitation ends, and the final values for the variables are now the initial conditions 
for the continued simulation of the reverse check valve opening. 
With the disappearance of cavitation in the valve, the simulation of th~ opening 
of the tank valve may now be performed using the diffential equations developed earlier 
and referred to in section 3.4. Cavitation may occur in the valve region again, but in 
the future occurances, it will begin at the outer edge of the valve only, allowing the use 
of the differential equations developed in section 2.5. Even if there is no cavitation 
present in the valve region, the differential equations developed for cavitation should be 
used here because of the potential for cavitation. There is the risk of being inconsistant 
if there is switching between the Lagrangian model and the model used for cavitation. 
As previously mentioned, the initial conditions to this simulation come directly 
from the analytical solution. The pressure P comp is initially zero, and the flow, valve 
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position and valve velocity are nonzero. There is no cavitation, so that the flow through 
the valve causes the pressure in the compliance region to increase. It is possible later 
that cavitation may form again at the outer edge zi ==0 of the valve and in the 
compliance region. When this occurs, the cavitation state variables must be added into 
the simulation. Alternation between cavitation and non-cavitation periods may occur; 
this type of behavior requires constant checking for cavitation at all orifice regions 
because it is possible for cavitation to occur at one orifice region and not another. The 
simulation is only valid up to one round trip wave time after the pressure flow 
characteristics become steady in the downstream region. 
compression wave will have reached the valve region. 
At that time, a new 
This concludes the four stages of valve motion during the pressure intensification 
period. During each stage, the energy dissipated at a valve can be calculated and an 
idea as to how the losses occur can be inferred. Examples of results for data associated 
with operation of the intensifier are found in Chapter 5. 
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Chapter 4 
Simulation of the Fluid Line Dynamics 
The modeling technique developed in Chapter 2 was created to simulate the 
opening and closing of seating valves; it is appropriate to apply this analysis to the 
switched inertance intensifier, particularly to find the energy losses in these valves. The 
previous analyses employed crude models for the fluid line, however, in particular 
neglecting all dissipation. This is excusable since line dissipation has very little effect on 
the valve behavior. 
Losses in the fluid line nevertheless have been found to exceed the losses in the 
valves for the particular system studied. It is critical, therefore, to develop an analysis 
of these losses. Fortunately, the details of the valve dynamics have about as little 
bearing on the line losses as the latter has on the former. In particular, it appears to be 
acceptable to presume that each valve opens or closes instantaneously when its pressure 
difference satisfies the appropriate static condition. At the same time, it is necessary to 
enploy a very sophisticated n1odel of the line itself. 
A general model for a fluid line is developed below, including the effects of 
frequency dependent friction. When this model is used with the simplified end 
conditions approximating those in the intensifier, the behavior of the whole system over 
any number of cycles can be simulated. Although the details of the valve switching are 
clearly not included, the behavior in the line and particularly the frictional losses that 
can be expected are believed to be quite accurate. The actual simulation results are 
given in Chapter 5. 
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4.1 Fluid Line Model 
The method used for simulating frequency dependent friction in transient liquid 
flow was developed by A.K. Trikha [4]. It is based on the method of characteristics and 
a procedure to determine an approximate expression for the frequency dependent friction 
that requires much less computer storage and computation time than the use of an exact 
expression. By applying this method, it is possible to simulate the surge pressures, 
pressure wave distortions and pressure attenuations that occur in a fluid line. 
For this analysis, the model of the system 1s represented as shown in Figure 13. 
The model of the line is sectioned into n stations, with the first station labeled as i==O 
corresponding to where the valves are located, and the last station, i==n, is the upstream 
station that is considered to be the source. Positive flow is defined as flow traveling 
from the left to the right, that is, from lower to higher numbered stations. According to 
the model, values at internal stations will be dependent on the previous characteristics 
existing at that station, and of the characteristics of surrounding stations. The 
conditions at the end stations are also dependent on neighboring stations, but must be 
assigned boundary conditions. The application of the method requires values for the 
following constants: 
L == length of the fluid line 
p == the density of the fluid 
(J == the effective bulk modulus of the fluid 
c = i , the wavespeed of the fluid 
v == the kinematic viscosity of the fluid 
a == the inner radius of the fluid line 
R - 8p11 . t 0 - 2 , res1s ance a 
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Ap = cross sectional area of the fluid line 
n; == cons tan ts developed by Trikha J = 1,3 
m; == constants developed by Trikha J = 1,3. 
The method also requires the selection and determination of the following parameters 
n = number of stations 
~x == k = distance between stations 
~t == 1x ==time step for solution . 
As a result of equations developed, the analysis will determine the following parameters 
for each time interval 
Qi == the flow at station 
Pi == the pressure at station i 
fi == the pressure drop per unit length at i 
y ij == functions of past velocity changes at i 
Trikha determines appropriate values for the n j's and m j's, which are constants used to 
correlate the approximate friction with the actual friction, to be 
n1 == 8000 
m 1 == 40.0 1.0 . 
For added convenience in writing equations, M will be used to stand for the sum of the 
m's, therefore; M ==49.1. 
The equations found in the paper are used to solve for the values of pressure, 
flow, pressure drop per unit length, and the functions of past velocity changes for any 
station i through the use of finite difference equations. In terms of notation, the 
subscript t + Llt stands for the new value of the parameter, while the subscript t or the 
absence of a subscript, implies the old value. There are four general equations that 
appear directly 1n the paper, and with some changes 1n variables and regrouping 'of 
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terms, these equations are represented as equations (4.1)-(4.4). The equation for the 
pressure at a station in terms of the station to the left is 
p i,t+.At 
( 4.1) 
and the pressure in terms of the station to the right is 
(4.2) 
The equation for the pressure drop per unit length at a station is given by 
i== O,n. ( 4.3) 
The functions of past velocity changes are defined as 
i== O,n ,j==l,3. (4.4) 
The previous four equations are valid at all times, but it is usually not possible 
to solve these equations in the above form because of the presence of undetermined 
variables in the right side of each equation. Therefore, the equations must be 
manipulated so that the current parameters are determined from previous values only. 
To determine the pressure at any intermediate station, equations ( 4.1) and ( 4.2) are 
added together and then solved for P ,,t+.dt. The equation for the pressure at station i in 
terms of previous values only is 
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(4.5) 
In writing the expressions for the variables, the following combination of terms appears 
quite frequently, so it is more convenient to define a new term than to write it out in 
full each time. Therefore, 
Ye~p ( 4.6) 
After some manipulation of equations ( 4.1 )-( 4.4 ), the expression for the flow at 
any intermediate station i can now be found in terms of old parameters only, as being 
Q,,,+dt = ( l{ } )( 2~:(P •-•.• - P 1+1,,) + ~ ( Q,_,,, + Q,+1,,) 
1 + LltR 1 + M 
2p O 2 
~;t/P {- 1~ MQ, + Ro Yerp + f,+i,, + f1_,,,}) . (4.7) 
Once the flow at a station is known, the new functions of past velocity changes are 
found at any intermediate station i to be represented directly by equation ( 4.4 ). Lastly, 
with the flows and functions of past velocity changes known, the new value of the 
pressure drop per unit length is found from equation ( 4.3), thus completing the 
procedure for determining the parameters at an intermediate station. 
The previous procedure applies for all situations, but at intermediate stations 
only. At an end station, either equation (4.1) or (4.2) cannot be represented depending 
on the end. Instead, a boundary condition provides the fourth relation necessary for a 
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solution. The boundary flow is given as a function of pressure, or pressure as a function 
of flow, or either the pressure or flow is specified. Perhaps the best way to show how to 
treat these end conditions is with examples from the intensifier system. 
The first end condition example is that of a constant pressure at the upstream 
station i==n. The given condition states that 
p n,t+Llt const. ( 4.8) 
An expression for fn,t+Llt 1s obtained after some manipulation of equations ( 4.1 ), ( 4.3), 
and ( 4.4) to be 
_ Ro ( { M } ( 1 1 ( fn,t+Llt - ( { }) 1 + 2 Ap Qn-1,t + pc p n-1,t - p n,t+Llt) 
1 + ~tR 1 + M 2p O 2 
( 4.9) 
The expression for flow at the right end is equation (4.1) rearranged to be 
Qn-i,t + ~[( p n-1,t - p n,t+At) -1; ~t( fn,t+At + fn-1,t) ( 4.10) 
\•, 
Then, the expressions for y n(l- 3 ),t+Llt can then be found directly by equation ( 4.4), 
completing the procedure for determining the variables at the upstream station. 
The switched inertance intensifier, has three possible conditions that are present 
in the downstream valve area i==O. Either the reverse check valve is open and the load 
valve closed, the load valve open and the reverse check valve closed, or both valves 
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closed, in which case the line is assumed to be blocked. The simplest case is that for a 
blocked load which is the same as specifying the flow at i = 0 to be zero. The first 
equation describing a blocked load therefore becomes 
0 (4.11) 
Because of the above condition, the values of Yo(I-J),t+.dt can now be found directly from 
equation ( 4.4). These values can then be substituted into equation ( 4.3) to obtain the 
value of f0 t+.dP and then P O t+.dt is found from the direct application of equation ( 4.2). I I 
This completes the determination of the values at the blocked load boundary conditions. 
The case of specifying a valve at a boundary condition is quite a bit more 
complicated than specifying a constant parameter. The first valve to be included as a 
boundary condition is the reverse check valve mounted on the spring. The volume flow 
through the valve, for flow in either direction, is defined as 
Q (4.12) 
where w is the effective orifice width, x is the valve opening displacement, cd is a valve 
coefficient, P O is the pressure at station i = 0, and Pb is the pressure behind the valve 
[l]. The value of x depends on the pressure drop across the valve which is approximated 
by using the following static relation 
(4)3) 
where k is the spring constant, x0 is the nominal displacement of the valve, and Av is 
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the effective area of the valve that the pressure acts on. Combining equations ( 4.12) 
a.nd ( 4.13) yields the equation for the flow through the valve, and changing the sign of 
the equation to agree with the convention associated with the line, the equation becomes 
Q (4.14) 
where the upper signs are used when P 0 > P 6 , and the lower signs for P 0 < P 6 , as will 
be the convention for the rest of the analysis. 
It is necessary now to relate the flow at location i==O to the pressure at this 
location. The above orifice equation must be arranged so that it is in a polynomial form 
in terms of the quantity (P o,t + ..:lt -Pb), where the finite difference notation is used. To 
do this, it is easier if the flow is first rewritten with absolute value signs omitted and 
constants replaced with K's for easier equation maniupulation. 
( 4.15) 
where K1 = wx 0cd, K2 = tx."
0
, K3 = i , and the t+L).t subscript is added to correspond 
with the finite difference equations. Squaring both sides of the equation and distributing 
terms results in the following polynomial expression 
K: K3{ ± (Po,1+.<11 - Pb) 'f 2K2(Po,1+Llt - Pb/± K~ (Po,1+.<11 - Pbf}-
( 4.16) 
The flow at station i = 0 can now be defined as 
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( 4.17) 
Combining the finite difference equations ( 4.2), ( 4.3), and ( 4.4), for station i=O, results 
. 1n 
(p P ) (p P R 0cdtM Q pc Q O,t+.dt - b + b - 1 + 4Av O + Av 1 Rocdt - cdtr. ) 2 Yexp 2 ,,t 
{
pc R0cdt R0cdtM} Q 
Av + 2Av + 4Av O,t+.dt · ( 4.18) 
By defining the quantity in the second set of parentheses on the left side of equation 
(4.18) as B, and the coefficient of Qo,t+.dt as C, and substituting the Qo,t+Llt from 
equation ( 4.17), into equation ( 4.18) and then squaring both sides, the following 
equation results: 
2 
(Po,t+Llt - Pb) + 2B(Po,t+Llt - Pb)+ B
2 (4.19) 
Rewriting this equation as a cubic polynomial in (Po,t+.dt - Pb) with coefficients being 
functions of previous values only results in 
( 4.20) 
The above equation represents two cubic equations, one for the case where P o,t+at > Pb 
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and the other for P o,t+..1t < P 6• The cubic equation for the expected pressure range 
may first be solved, and since it is a cubic equation, three roots will be found. Any 
imaginary roots or negative solutions for P o,t+..1t must be disregarded as not being the 
possible solution. Also, any inconsistent solutions with respect to the relation between 
Po,t+..1t and P 6 must also be rejected. U there is no acceptable solution for Po,t+..1t, then 
the other condition for P o,t+..1t is assumed, and the second form of the equation is 
solved, checking for an acceptable solution for P o,t+..1t. If a valid solution is found in one 
of the above cases, then the assumption that the valve is open is correct, and the 
solution for Po,t+.1t is substituted into (4.16) to find the corresponding value of Qo,t+at· 
If an acceptable solution does not occur, then the new values of Po,t+.1t and Qo,t+.1t do 
not exist on the tank valve characteristic curve, and the reverse check valve must be 
assumed to be closed. 
The boundary condition due to the load check valve may also be determined. 
The equation for the volume flow through the load valve is similar to that of the reverse 
check valve 
Q wxcd I 21Pa - Ploadl sgn(P - P ) ~ p O load , ( 4.21) 
where P load is the load pressure. Since this valve does not use a spring, and the valve 
is assumed to open instantaneously to the maximum position, and likewise closes 
instantaneously, the equation for the flow using the sign convention for the line is 
2(Po,t+.dt - Pload) 
p ( 4.22) 
Note that there will be no flow 1n the opposite direction in this valve because of the 
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assumption that the valve will be completely closed when the load pressure is greater 
than the pressure in front of the valve. To solve for all the· new parameters, this time it 
is more convenient to express P o,t+.i.1t in terms of Qo,t+..::lt from ( 4.22) as 
Po,t+..::1t 
2 
pQO,t+..::lt 
2 2 2 + pload · 
W XmaxCd 
( 4.23) 
Now substituting the finite difference equation (4.4) into equation (4.3), and the result 
of this along with ( 4.23) into ( 4.2), results in the following quadratic equation in terms 
+ Rac~tMQ - c~tf. } 4A o 2 ,,t p ( 4.24) 0 . 
This equation is solved for Qo,t+..::lt and the negative root will be the value of the flow 
through the valve, since according to the convention of the line, only negative flow is 
allowed through this idealized check valve. Equation ( 4.23) is solved for P o,t+..::lt and the 
values of Yo(i- 3 ),t+.i.1t are directly determined from (4.4). Lastly, the calculation of 
fo,t+..::lt is determined directly from ( 4.3). 
4.2 Procedure for Using Simulation 
To perform the simulation of the fluid line and end conditions, initial values 
must first be set at all stations. The initial conditions should be made as realistic as 
possible to ensure a good simulation, but the values of fi and Yij are usually not known 
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1n advance. Since the behavior becomes cyclic and damping is present, the simulation 
will produce accurate results after some inititial startup time. The calculations start 
with station i=O and work towards i== n, with the new values for the four parameters at 
each station determined according to the previously mentioned procedures. After the 
values for the last station are calculated, the time 1s incremented and the procedure 
repeated. 
4.3 Simulation of the Switched lnertance Intensifier 
The configuration of the intensifier effectively consists of a constant pressure 
source at the upstream end i=n, and the two valves described in the previous section at 
the downstream end i=O. The upstream end is always represented by equations ( 4.8), 
(4.9), (4.10) and (4.4), in that order, while the downstream end is represented one of 
three ways depending on the situation. The state found most often downstream has an 
open reverse check valve. Therefore, the first trial when solving for the appropriate end 
conditions, checks whether they fall on the characteristic curve for the reverse check 
valve. This is done by going through the procedure described earlier for this valve. If 
the valve is determined to be closed, then either both valves are closed, in which case 
the blocked end condition begining with equation (4.11) is used, or the load check valve 
is open and the equations given earlier describing that situation would represent the end 
condition. To determine which of these two conditions is present, the blocked load 
situation is first solved, and if the pressure that results from the blocked load condition 
is higher than the load pressure, than the load valve is assumed to be open and the 
characteristics corresponding to this condition are present. Conditions in the line will 
alternate between the characteristics of the upstream end and those of the downstream 
end. When a characteristic is repeated, this represents the completion of a cycle. 
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The results of the simulation including plots of the pressure flow characteristics 
at the valve end are found in Chapter 5. The cyclic behavior of the system may be 
observed, and the transition from one characteristic to the next is demonstrated. 
4.4 Energy and Efficiences 
The determination of the boundary and dissipation powers and their energy 
integrals in this analysis is necessary in order to determine the efficiencies of the device. 
The first energy of concern is the energy input to the system. This is defined as 
( 4.25) 
in which the integration is over a whole cycle. 
The energy into the tank region is 
(4.26) 
where P tank is the tank pressure behind the valve, and Qtank 1s the flow at station i==O 
when the tank valve is open. 
The energy into the load valve region is 
( 4.27) 
where P load is the pressure behind the load valve, and Q,oad is the flow at station i=O 
when the load valve is open. The tank valve dissipation energy is 
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( 4.28) 
where P O is the pressure at station i =0. The load valve dissipation energy is 
( 4.29) 
The energy lost due to wall shear is 
( 4.30) 
The energy lost in this system is due to wall shear, valve dissipation, and energy 
input to the tank, while the useful energy is that used by the load. An approximate 
efficiency, considering only the results due to the simulation described in section 4.3, 
thus assuming static conditions for the valves, can be determined as 
77 ( 4.31) 
An even better approximation of the efficiency of the system is to correlate the energy 
losses from the simulation of the valves, with the energy losses found through this 
simulation and determine an overall efficiency. The energy losses 1n the system are 
defined by the combination of both simulations to be 
( 4.32) 
The efficiency of the intensifier is then 
,., 
/. • •• ,I. 
E 
,,- load 
-Eload + Eloue, ( 4.33) 
Results for the simulation of the line dynamics and the calculation of efficiencies are 
found in Chapter 5. 
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Chapter 5 
Results 
5.1 Results for the Simulation of the Valve Movements 
The simulation of the intensifier for the four cases of valve motion described in 
section 3.5, was performed by numerically solving the state variable equations using a 
fourth order Runge-Ku tta integration routine. In the description for the procedures 
involved in the simulation, some constants and initial conditions were left to be chosen 
so that the actual system could be represented in various situations. For the results 
presented here, the upstream input pressure was chosen to be Pup.,,r== 150 psig, which is 
a known operating pressure for the intensifier. The load pressure was chosen to be 
Pload == 1000 psig so that the load valve would be sure to open and a significant amount 
of flow would pass into the load region. The back pressure was selected as Pback == 10 
psig. The maximum displacement allowable for the load valve was given two conditions, 
Xmax(load)== 0.004 and 0.0135 inches. Originally, the maximum displacement of the 
actual load valve was 0.0135 inches, but after running the simulation with this 
condition, the potential for better results using a shorter valve stroke was realized. The 
maximum displacement of the actual valve was lowered to 0.004 inches and the effects 
of the change 1n valve stroke are den1onstrated by companng the results between the 
two cases. 
The plots for the results of this section are included 1n Appendix A. For each of 
the four simulations, the plots are included only for the case of Xmax ==0.004 inches, 
although the discussion pertains to both cases of Xmax unless otherwise stated. For the 
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combined plots of all simulations, results using both conditions of Xmax- are plotted. 
5.1.1 Initial Conditions 
The initial conditions of the simulation were chosen to represent the static case, 
with the displacement of the tank valve specified as initially being open to 75% of the 
displacement of the valve when no net force is applied (xinit ==0.015 inches). The valve 
was set at this position so that the pressure on the upstream side of the valve would 
initially be greater than the pressure behind the valve, and the initial flow would be in 
the positive direction through the tank valve. To obtain the initial conditions all 
derivative terms except for that of the flow in the line were set equal to zero, therefore 
xtank== 0.015 inches 
P comp== 28.60 psia 
. 3 
Q - '>8 07 lil tank- ..., · ~ 
. 3 
Qdwn.,tr = 28.07 1~ 
The pressures used in the simulation are in tern1s of absolute pressure because the 
eventual appearance of cavitation will result in pressures dropping to O psia. 
5.1.2 Closing of the Reverse Check (Tank) Valve 
The given initial conditions apply to the first phase of the simulation; the closing 
of the tank valve. Figures A.1.(a-f) are plots of the variables of interest as the tank 
valve closes. The simulation started off as the description of the operation of the 
intensifier, section 3.1, predicted it would. The flow in the line reached a maximum 
when the valve displacement was at 0.00256 inches, and the line was represented with a 
surge impedance. After t_his state, the acceleration of the valve in the negative direction 
increased, as did the pressure, while the flow through the valve rapidly decreased. As 
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the valve displacement became increasingly small the inertia due to the fluid in the 
orifice regions became more significant, and the effect was that the valve started to 
decelerate while flow was forced out of the orifice region in both the upstream and 
downstream directions, thus exhibiting the squeeze film effect. This effect can best be 
seen in the plot of the velocity of the valve, Figure A. l .e. 
The total time for the valve to close from the initial position was 3.84 ms, and 
the time from when the flow reached a maximum until the valve closed was 0.126 ms. 
At the time the valve was fully closed, the pressure had risen to P comp ==973 psia and 
. 3 
the flow in the line was directed into the compliance region at Qdwn.,tr == 19.45 1~ . The 
energy dissipated increased at the greatest rate during the rapid closing of the valve 
when there was high pressure drop and a nonzero orifice flow. As the flow neared zero 
the flow was predominantly valve displacement flow, and the total energy dissipated 
leveled off to Edi.,== 1.28 in-lb . The energy dissipated during the ti1ne from when the 
surge impedance was introduced until full closing was Edi.,==0.733 in-lb. 
5.1.3 Opening of the load check valve 
The simulation started out with the pressure P comp rising due to the surge 
present from the previous simulation. In this case, there were two conditions to consider 
for the maximum displacement of the load valve and thus two different simulations were 
made. The plots for the simulation with Xmax =0.004 inches ares shown in Figures 
A.2.a-f, and the plots for Xmax =0.0135 inches are similar enough so they are not shown. 
When the pressure in the compliance region reached the level of the load pressure, the 
valve started to open, although initially very slowly due to the large inertia. The 
pressure in the compliance region continued to rise until it reached a maximum, in this 
case P comp= 1570 psia, and then began to drop to a steady level. The valve continued 
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to open until it reached the maximum position. This occured at 0.526 ms after the tank 
valve was fully closed for Xmax ==0.004 inches, and at 0.991 ms for Xmax ==0.0135 inches. 
At the moment that the valve hit the stops, the displacement flow vanished and there 
was an abrupt decrease in load flow followed by some oscillation of flow about the 
steady condition. The valve remained open, and the flow to the load equalized with the 
flow in the line, resulting in a constant pressure P comp. For the valve with the longer 
stroke, the pressure and flows were relatively constant much before the full opening of 
the valve was reached. The final constant pressure and flow as a result of the open 
valve represent a downstream character: <-tic for the com press1on wave traveling back 
upstream. In the simulation where Xmax ==0.004 inches, the characteristics were 
. 3 
P comp== 1038 psia and Q == 14.8 1~ , and for Xmax ==0.0135 inches the characteristics were 
. 3 
P comp== 1016 psia and Q == lS.4 1~ . 
The valve with the longer stroke took a longer tin1e to open and thus much of 
the flow through the valve during the time interval was due to displacement flow, which 
does not dissipate energy. On the other hand with the short stroke used, the flow 
became exclusively orifice flow much sooner, which resulted in n1ore energy dissipated. 
Because the valves ren1ained open and stationary until a rarefaction wave returned, the 
energy continued to be dissipated until the approach of the new wave. The total energy 
dissipated over the time interval until the new wave approached for Xmax ==0.004 inches 
was Edi a ==0.35 in-lb, and for Xmax ==0.0135 inches was Edi a ==0.0675 in-lb. Note that the 
wave approached at a later time not shown on these plots. 
~1.4 Closing of the Load Check Valve 
) 
The steady conditions at the end of the last simulation remained until the 
compression wave reached the upstream region causing a rarefaction wave to reflect 
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back and approach the valve area. Therefore, the simulation of the load valve closing 
began at the time when the wave was reflected back to the valve region. The results for 
the simulation with Xmax =0.004 inches are shown in Figures A.3.a-f. When the wave 
reached the valve area, it initially caused the flow in the line to become negative and 
head upstream, thus causing the pressure in the compliance region to drop. The valve 
began to close and flow began to flow from the load to the line. The orifice region is 
initially smaller for the shorter valve stroke, causing a larger closing pressure force for a 
given load flow and a consequently shorter closing time. In both situations, the closing 
of the valve again resulted in the squeeze film effect. From the arrival of the rarefaction 
wave, with Xmax == 0.004 inches, the valve took 0.358 ms to close and the energy 
dissipated due to closing was Edi., ==0.567 in-lb. With Xmax ==0.0135 inches, the time to 
close was 1.417 ms, and the energy dissipated was Edi., ==0.596 in-lb. Most of the flow 
associated with the longer valve stroke is due to displacement flow and hence the energy 
dissipated is not that much higher than with the shorter valve stroke. 
5.1.5. Opening of the Tank Valve 
Soon after the load valve closed in the prev10us simulation, the pressure in the 
compliance region dropped to cavitation level allowing the tank valve to open. The 
cavitation was initially assumed to be present throughout the valve region. Using the 
analytical soluiton, the time it took the cavitation to initially dissapear for Xmax ==0.004 
inches was 0.567 ms and in that time, the valve had opened to x=0.002145 inches and 
flow was traveling from the back of the valve to the line at in
3 
Q=l2.28 "s· The 
J comparison with the results using Xmax ==0.0135 are of little interest in that they are 
predominantly similar. 
After the cavity volume dissapeared, the simulation changed models. The plots 
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of the resulting data can be seen in Figures A.4.a-f for Xmax =0.004 inches. Initially, the 
flow through the valve started to increase the pressure in the compliance region from the 
cavitation level. As the pressure became high, there was a reversal in the flow towards 
the valve due to the pressure difference. The flow exiting the compliance region then 
caused the pressure 1n the region to drop, but not to cavitation level in this simulation. 
After some oscillation of the pressure and flow, the flow from the tank and the flow 
through the line became nearly equal, with the press\lre in the compliance region 
remaining relatively constant at a level near the value of the back pressure. During this 
time, the valve was opening and it continued to open until the spring started to cause 
the valve to move back towards a closed position only after the displacement reached 
0.036 inches. The energy dissipated in both cases is almost neglible because of the low 
pressures and small flows involved. The flows that do occur are predominantly a result 
of displacement flow. The results shown in the plots A.4.a-f are valid for the intensifier 
up until t=2.37 ms. After this time, a new wave characteristic is present at the valve 
end. The extended plot was shown to demonstrate the effect of the spring. 
5.1.6. Overall Valve Simulation 
The plots in Figures A.5 through A.9 for both values of Xmax, represent the 
variation of selected variables from the initial closing of the tank valve to the eventual 
reopening of the tank valve. From these plots the time frame of each individual 
simulation and the continuity of the intensification process are better understood. The 
plots show that the longer valve stroke results in longer delays and wider spikes. 
To determine the effectiveness of the intensifier, it is necessary to determine the 
energy dissipations and useful energy involved so that an efficiency may be calculated. 
The energy dissipations occur in both valves, and the useful energy is that energy used 
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by the load. The total energy dissipated in the tank valve during these simulations was 
E,d;, = 1.305 in-lb. Because the load valve with the shorter stroke closed faster, the 
overall process was quicker, but the energy dissipation was greater. For Xmaz- =0.004, 
the total energy dissipated in the load valve was Eldia ==0.908 in-lb. The total energy 
dissipated for the load valve for Xmax ==0.0135 was Eldia == 0.651 in-lb. While there was 
more energy dissipation associated with the shorter stroke, the more important term is 
the net flow into the load, because the net flow into the load multiplied by the load 
pressure is the energy input to the load, and thus the output of the intensifier. For 
Xmax ==0.004 inches, the load energy for one opening and closing of the valve was 
Eload ==29.0 in-lb., while for Xmax ==0.0135 inches, the load energy was essentially 
Eload ==0 in-lb, and thus unacceptable for operation. The energy terms determined in 
this section are used with results from the next section to develop an expression for the 
efficiency of the intensifier. 
5.2 Results for the Simulation of the Line Dynamics 
During the simulation of the line dynamics, the boundary conditions are specified 
functions of pressure and flow. For the data given in section 5.1, the characteristic 
curves representing the upstream and downstream ends for both Xmax ==0.004 inches and 
Xmax ==0.0135 inches are plotted in Figures 14a and 14b, showing the relationship 
between the flow and pressure at the boundary conditions. The curve on the left is the 
characteristic curve associated with the tank valve, the curve on the right is the 
characteristic curve of the load valve, the x-axis represents the characteristic of a 
blocked end situation (Q==O), and the vertical line at P==164.7 psia represents the 
characteristic curve for the constant pressure source upstream. In the simulation of the 
intensifier, the method of characteristics predicts that the conditions in the line alternate 
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from a pressure-flow state on the upstream characteristic curve to a state on one of the 
three downstream characteristic curves. The alternation occurs with each length of the 
line that the wave travels. This behavior assumes no losses in the line. In this 
simulation however, effects due to friction such as wave spreading and pressure 
attenuations are included, so that a hodograph plot will not be able to accurately 
represent the conditions in the line. On the other hand, a hodograph plot may offer a 
useful description if the characteristics at the boundary locations are plotted at intervals 
of a half round trip wave time. This will be demonstrated later. 
The data used for the specific simulation of the intensifier consists of the data 
given for the valve simulations, and the parameters set as follows: 
n ==24 stations 
~x==2.5 in 
~t==4.9371x10- 5 sec 
Xmax ==0.004 in. 
The initial conditions for this simulation represent the condition observed in the previous 
valve simulation with the tank valve open; the flow in the line had just reached a 
maximum representing an unstable valve position. Therefore, the initial values for all 
stations were selected as the conditions determined from that simulation. 
. 3 
Qi ==38.64 ·~ 
Y . ·==0 SJ 
f-==0 
• 
PO== 28.6 psia 
in 3 Q0 == 28.07 8 . 
i== 1,n 
i==l,n 
i==O,n , j==l,3 
i==O,n 
The positive direction of flow was directed from the upstream end to the valve area in 
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order to remain consistant with the other simulation. In the actual calculations, the 
opposite notation for the flow was used to coincide with the original model of the line. 
The initial conditions given are not accurate in the sense that there are initially no 
frictional effects in the line. Therefore, as expected, the initial cycle of this simulation 
did not represent the system well, but with more cycles, the confidence of the results 
increaled. 
I 
The simulation was run with the given initial conditions and Xmax ==0.004 only. 
The pressure and flow at the downstream end, Figures 15 and 16, and the flow at the 
upstream end, Figure 17, are plotted over seven cycles. A hodograph plot of the 
boundary conditions during a typical cycle is included in Figure 18. By observing the 
flow plots, it is clear that the original initial conditions did not simulate the intensifier 
well, because the flow states during a cycle developed a different pattern from the initial 
cycle. The time for the round trip wave travel is 2.37 ms, and the average cycle time 
was determined to be 17.43 ms, corresponding to 7.35 round trip wave travels. The 
change in states at the boundary locations can be observed from the hodograph. 
The plots for the flow and pressure at the downstream ends of the line as a 
result of the earlier valve simulations in section 5.1.6 may be matched with specific 
points in time from this simulation. Characteristics on Figures 15 and 16 can be 
correlated to the plots of Figures A.5 and A.6, hence the reason for the numbering of 
points on these plots. Position 1 on the plots corresponds to the point in time when the 
tank valve is open and the flow in the line has just reached a maximum, indicating the 
arrival of a wave. The valve becomes unstable and closes after this point. Position 2 
represents the time when the valve initially closes and the check valve begins to open. 
Position 3 corresponds to a characteristic indicating the load valve is open, and position 
4 represents a characteristic of the tank valve curve. 
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5.3 Calculation of Efficiency 
The energy for each cycle was calculated during the simulation. Since the cycles 
vary, the average values for the energy terms are determined over one complete cycle: 
Etank == 1.98 in-lb 
Eload ==24.65 in-lb 
Eldia==.328 in-lb 
Etdia == .519 in-lb 
Einput ==33.28 in-lb 
Ewlahr ==5.81 in-lb 
Energy to tank 
Energy to load 
Energy dissipated at load valve 
Energy dissipated at tank valve 
Energy input to system 
Energy lost due to wall shear. 
The efficiency based on this simulation alone may be determined as 
1]= £load X 100%= 74.06 %. 
Einput 
( 5.1) 
This simulation did not consider the valve dynamics and th us ignored effects during the 
opening and closing of the valves. Therefore, to be more correct in determining the 
efficiency of the system, a combination of the results of both simulations is used. The 
effects of the load valve are much better represented by the valve simulations and 
therefore, the values Eldia ==0.908 in-lb and E,oad ==29.0 in-lb are used. The energy 
dissipated at the tank valve is represented by both simulations. The valve simulation 
only considers the closing and opening periods of the tank valve, while the line dynamics 
simulation represents the tank valve at all times but doesn't consider effects due to the 
opening or closing. If the energy terms are combined and the energy determined from 
the line simulation during the valve simulation period is subtracted out, the total energy 
dissipated at the tank valve can be considered to be Etdi, == 1. 7 in-lb. Because of the 
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effects of both simulations, the energy to the tank is somewhat difficult to determine, so 
therefore it can be determined implicitly from the energy input and the energy to the 
load. 
From the conservation of energy in a system, the energy input must equal the 
energy removed, and using the conservation of mass, the net flow into the system will 
equal the net flow out. Therefore 
P input( V tank+ V1oad) 
(5.2) 
where \/ == Eload 1s the net volurne of flow into the load and Vtank is the net volume of load pload 
flow into the tank, which 1s ass urned unknown. Therefore, the expression for the tank 
flow is 
V tank 
Ew1.,h,- + E1di., + Etdi., + V1oad( P load - p input) 
pinput- ptank 
( 5.3) 
and using the results from both simulations, Vtank==0.2362 in 3 and Etank== 2.231 in-lb. 
The efficiency of the intensifier is the output energy divided by the total input energy: 
TJ== ploadvload . 
P input( V1oad + V tank) 
Substituting the expression for V tank into this equation results in 
TJ== 
1 p tank + 
pload 
1 _ p tank 
p input 
Ewlahr + Eldi, + Etdi, ' 
P1oad V1oad 
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(5.4) 
(5.5) 
• 1,,.' 
' 
,, 
, ~ lj ' •• 7 't, ' /,•. '. 
which is in terms of values determined directly from the simulations. The efficiency of 
the intensifier for Xmax ==0.004 inches was calculated to be 77== 72.9%. The greatest 
benefit of determing an efficiency allows the results of a simulation with one set of data 
to be compared to another. There was no need in this case for determining an efficency 
with Xmax ==0.0135 in-lb, because the load energy and thus the efficiency was zero. 
93 
! 
,, 
Chapter 6 
Discussion 
The analytical model developed for seating valves in Chapter 2 may be applied 
to valves of this nature that can be represented by the dimensions defined in section 2.2. 
Separate sets of differential equations have been developed for situations with or without 
cavitation. The greatest effort in applying this model, now that the differential 
equations have already been derived, is in determining the dimensions corresponding to 
the analytical model of the valve, and selecting the proper inputs and initial conditions. 
To develop a simulation for a seating valve, the dimensions of the valve and input 
conditions can be directly inserted into the equations corresponding to the proper 
situation, and once initial conditions are specified, the differential equations may be 
solved using a numerical integration routine. Conditions in the valve region must be 
monitored to ensure that the proper equations are used to describe the situation. As a 
result of a valve simulation, pressure-flow characteristics in the valve may be observed; 
effects due to the motion of the valve and the unsteady flow, such as the squeeze film 
effect, may be predicted. 
In Chapter 2, the representation of the fluid line involved a simplified treatment 
of the waves in the line, and thus may be improved with a more sophisticated 
treatment. The equations describing the pressure and flow assumed sharply defined 
incident waves with no energy loss due to wall shear. Therefore the corresponding 
abrupt changes in flow due to an arrival of a wave are exaggerated. Fortunately, the 
error is not great however, as the wavespeed of a fluid 1s much greater than any of the 
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other velocites involved. 
The neglect of viscous effects in Chapter 2 may also be questioned. Although 
the calculation of the Reynold's number for most valves in the assumed operating 
conditions predicts inviscid flow, the actual effects due to viscosity are not clear. If 
viscosity were to be considered in the valve region, additional losses in the valve would 
be predicted, and thus a lower efficiency calculated. In addition, viscosity adds to the 
squeezing film effect, and as a result, the closing of a valve may not occur as rapidly as 
the results in Chapter 5 predict. 
The analytical model was applied to the valve region of the switched inertance 
intensifier. In this case, the equations developed in Chapter 2 were directly applied to 
the valve region. Dimensions of the valve parts were defined to correspond to the 
analytical model, and a specialized treatment of an additional displacement flow region 
in the load valve was added. The sin1ulation was able to show the effect of valve 
movements and valve flows on the performance of the intensifier. It is clear that these 
valve movements have significant effects on the overall operation of the system. A case 
in point is that the shortening of the stroke for the load check valve greatly increased 
the net flow to the load. This was due to the quicker closing of the load valve, and the 
resulting smaller reverse flow through the nominal one-way valve. The longer valve 
stroke resulted in 1nuch more flow out of the load region. Therefore, the intensifier with 
the shorter stroke set was able to perform considerable useful work, while the longer 
stroke resulted in a situation with no net load flow at all for the given load pressure. 
The equations for the modeling of a fluid line with a frequency dependent friction 
developed in Chapter 4 can be applied to a variety of situations involving fluid 
transmission lines with high frequency flows. Given the examples of boundary 
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conditions applied to the switched inertance intensifier, the general treatment can be 
extended to other systems. Equations for the fluid line were used to develop a 
simulation of the line dynamics of the intensifier. The simulation represented the overall 
behavior of the system and determined energy losses found in the intensifier. The 
results showed that the greatest loss in the system is due to the effects of wall shear. 
An efficiency of 72.9% was calculated by combining the results from the simulation of 
the valves with results from the line simulation. 
As of this time, no serious attempts have been made to optimize the intensifier, 
therefore there are no definite conclusions as to what should be done to improve the 
system. From observing the simulations previously run, some recommendations to the 
the improvement of the intensifier may be suggested, though. The change to 
Xmax ==0.004 inches appears to be a good choice as demonstrated by the results of the 
valve simulations. Another recommendation is to reduce the effective inertia of the 
movable valve plate, allowing the valves to open and close faster. This n1 ust be done 
with care, so that the stress requirements on the plate are satisfied. By removing some 
of the movable plate that exists from the rounded ends of the slits to the edge of the 
plate, and th us shortening the orifice length of what was previously referred to as orifice 
region 2, the mass of the valve would be decreased. More importantly, it would reduce 
the inertia added to the valve due to the flow in this region, especially at small valve 
displacements. The end result would be a faster and tighter seating of the valve plate, 
and a quicker unseating. 
The addition of a longer fluid line in the intensifier would result in longer wave 
travel times and thus a less frequent cycling of the valves. As a result, more energy will 
be dissipated in the line due to wall shear, but at the same time, the load valve will 
remain open longer and thus allow more load flow, increasing the energy input to the 
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load. Some combination of the two effects may be optimal and the proper line length 
can be determined through comparing simulations. 
Parameters of relative uncertainty in the simulations are the effective bulk 
modulus and the effective compliance volume, which could escalate due to small 
amounts of trapped air. Accurate values for these constants can best be found by 
observing the experimental results of the intensifier and running the appropriate 
simulation so that the results are most similar. The maxim um pressure reached is a 
function of the surge impedance and therefore the bulk modulus. The rate of increase or 
decrease in the pressure is dependent on the volume of the compliance region assumed. 
The results presented in Chapter 5 correlate well with regard to the maximum pressure, 
but the rise time for the pressure was faster than that observed in the actual operation 
of the system. Therefore, in future simulations, a larger compliance volume is suggested 
to prevent the pressure from rising as fast and thus reduce the initial pressure spike 
found in Figures A.5.a-b. 
Other experin1ents with the sin1ulations may be run to learn more about the 
operation of the intensifier so that it may be improved. These results combined with 
experimental results may lead to an optimum system design. 
This thesis is concluded with the hope that its contents can be applied in the 
future. The source code for the computer simulations of the intensifier may be found in 
the Department of Mechanical Engineering and Mechanics, Lehigh University. 
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Figure A.4.e. Velocity of Tank Valve (opening) 
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Figure A.4.f. Energy Dissipated at Tank Valve ( opening) 
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Figure A.6.a. Downstrea n1 Linc Flow ( Xmnx = .00'1 in) 
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Figure A.o.h. Downstream Linc Flow (xmax=.0135 in) 
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Figure A.8.h. Enerp;y Dissipa.t.cd at Loa.cl Vnlvc 
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Figure A.fl.a. Energy Dissipated at Ta.nk Valve 
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Figure A.D.h. Energy Dissipated at Tank Valve 
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Figure A.IO.a. Net rlow to Load (xmaz==.00'1 in) 
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